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SUMMARY OF THE EXPERIMENTAL RESULTS
The aim of this work was to demonstrate that organ and primary cultures of medaka
testis are suitable systems for studying and quantifying cell proliferation and
differentiation. 5-bromo-2'-deoxyuridine enzyme-linked immunosorbent assay (BrdU-
ELISA) and flow-cytometry were used to investigate the effects of selected endocrine
disruptors that may interfere with cell proliferation and differentiation.
In cultured medaka testis fragments, cells remained viable for the entire culture period
(17 h), and spermatids that developed from spermatocytes were viable and motile. The
proliferating cells were located at the periphery of the testis in tissue sections and
identified as speramtogonia. Cells from two fragments (anterior and posterior) obtained
from a single testis contained the same fraction of proliferating cells, as determined by
BrdU labeling (quantification by ELISA), so that a single testis can provide both the
control fragment and the experimental sample. Therefore, organ culture of testis
fragments is a suitable system for studying the effects of substances that interfere with
spermatogenesis in the medaka, a model vertebrate.
Primary cultures were characterized over a period of two days with respect to cell
viability and the distribution of adherent and suspended cells. These two cell
populations were maintained in dynamic equilibrium in vitro for several days.
Proliferating cells were predominant among clusters of suspended cells, as determined
by BrdU labeling (cytological identification and quantification by ELISA), and
carboxyfluorescein diacetate N-succinimidyl ester (CFSE) and propidium iodide (PI)
labeling (quantification by flow cytometry). The dynamics of cell proliferation and cell
differentiation were quantified by flow cytometry by labeling the primary cells with
CFSE, which allowed the identification and quantification of meiotically or mitotically
dividing primary cells. Based on cytological criteria, the proliferating cells were mostly
spermatogonia and possibly also preleptotene spermatocytes. Differentiation of
spermatocytes into spermatids or spermatozoa was also observed, mainly among the
suspended cells. These results suggest that the primary culture system is suitable for
studying and quantifying cell proliferation and differentiation in spermatogenesis.
The organ and primary culture systems were used to analyze the effects of a synthetic
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estrogen, 17β-ethynylestradiol (EE2), on cell proliferation in medaka testis. Both organ
and primary culture were suitable for this purpose consistently small concentrations
(0.01 and 1 nM) of EE2 stimulated cell proliferation slightly, while higher concentrations
(100 nM) had an inhibitory effect.
To investigate the effect of phytoestrogens on cell proliferation in spermatogenesis,
selected flavonoids [genistein (1, 10, 100 µg/ml), quercetin (0.01, 1, 100 µM), and 8-
prenylnarigenin (0.001, 0.1, 1, 10 µM)] were added to medaka testis primary cultures.
Genistein and quercetin inhibited cell proliferation in the cultures while 8-
prenylnarigenin had no effect. In a second series of experiments the addition of
genistein (10 µg/ml) to primary cultures significantly inhibited both cell proliferation and
cell differentiation as determined by flow cytometry using CFSE/PI labeling.
To confirm the effect of genistein (10 µg/ml) on cell proliferation and differentiation
primary cultures of another species (Oreochromis niliticus, known as tilapia) was
studied. A similar result was obtained, suggesting that tilapia testis primary cultures can
also be used for studying the effects of xenobiotics on cell proliferation and
differentiation.
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1. INTRODUCTION
The main findings are presented in this Appendix in the form of two publications. The
following test contains additional information and the obtained results are discussed in
view of current knowledge on vertebrate spermatogenesis.
1.1 Vertebrate spermatogenesis
The testis is a complex organ composed of multiple cell types. The two major cell types
are somatic cells and germ cells. The Somatic cells include the Leydig cells and Sertoli
cells, while germ cells include spermatogonia, spermatocytes, and spermatids.
Spermatogenesis is a process involving spermatogonial proliferation, meiosis, and
spermiogenesis, in which diploid germ cell precursors develop into haploid
spermatozoa. During this process, cells that begin as the least differentiated precursors
(Type A spermatogonia) are progressively transformed into Type B spermatogonia.
After entering meiosis, each spermatocyte undergoes two meiotic divisions, resulting in
the production of four haploid round spermatids. In the final phase of spermiogenesis,
the DNA is compacted and structures specialized for motility (flagellum) and oocyte
penetration (acrosome) develop (Fig. 1).
Figure 1. The differentiation program of male germ cells.
The process for most spermatogonia is the renewal pathway. Only a small subset proceeds
along the differentiation pathway, which includes mitotic divisions, followed by meiosis and
spermiogenesis (Sassone-Corsi, 1997).
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As in mammals, the teleost testis is comprised of interstitial and tubular or lobular
compartments (Grier, 1981). The testes of most teleost fishes, such as the medaka
(Oryzias latipes) and tilapia (Oreochromis niliticus), are composed of numerous lobules
connected by a thin layer of fibrous connective tissue. The lobular component of the
testis contains two cell types, germ cells and Sertoli cells (somatic cells that line the
periphery of the lobule). Within the lobules, spermatogonia undergo numerous mitotic
divisions and form spermatogenic cysts. The germ cells in these cysts develop in
synchrony. As spermatogenesis and then spermiogenesis proceed, the cysts
eventually rupture, liberating spermatozoa into the lobular lumen, which is continuous
with the sperm duct. The interstitium between lobules consists of Leydig cells
(interstitial cells), fibroblasts, and blood and lymph vessels (reviewed by Nagahama,
1994).
The eel (Auguilla japonica) testis provides an excellent system for studying
spermatogenesis, because male eels have an immature testes that contains only type
A and early type B spermatogonia and somatic cells. In this species, type A and type B
spermatogonia are morphologically similar. Type A spermatogonia occur singly and
each cell is surrounded by pre-Sertoli cells. Early Type B spermatogonia form a cyst of
two or four germ cells surrounded by Sertoli cells. Leydig cells occur in the interstitial
tissue and have round or oval nuclei containing some electron-dense areas (reviewed
by Nagahama, 1994; Miura et al., 1991).
The medaka (Oryzias latipes) has a widespread distribution from India to Japan. This
species is a useful experimental animal for investigating the mechanisms regulating
spermatogenesis for three reasons: spermatogenesis is continuous under artificially
controlled conditions, spermatogenesis has been studied previously in vitro using
primary culture (Saiki et al., 1997; Shimizu et al., 1997), and the morphological
characteristics of the testicular cells are well known (Satoh, 1974; Grier, 1976;
Hamaguchi, 1987). However for some experiments the number of cells obtained from
the small testis of the medaka is limiting. For the analysis by flow cytometry, for
example, at least 106 cells are required. The tilapia (Oreochromis niliticus) is an
experimental alternative when the cell number is limiting. The length may exceed 60
cm compared to a body length of 4 cm of the medaka. Tilapia is endemic all over Africa
and is very important as a food worldwide and its testes have been well studied
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(Beveridge and McAndrew, 2000).
In mammals, spermatogenesis is regulated by the pituitary gonadotropins, luteinizing
hormone (LH) and follicle-stimulating hormone (FSH), which activate receptors
expressed by Leydig cells (LH receptor) and Sertoli cells (FSH receptor), respectively
(Griswold, 1995). This is also true in fish, although the piscine receptors may be less
discriminatory than their mammalian counterparts. Moreover, male sex steroids
(testosterone in higher vertebrates, 11-ketotestosterone in fish) are required for
spermatogenesis, but their mode of action has remained obscure. The primary
endocrine regulation of spermatogenesis in humans is outlined in Figure 2.
Figure 2. Primary endocrine regulation of spermatogenesis in humans.
The proposed hormonal regulation of spermatogenesis. Gonadotropins from the pituitary
positively regulate Leydig cells and Sertoli cells. Testosterone is produced by Leydig cells upon
stimulation by LH. The steroid binds to receptors in the Sertoli cells. The effects on germ cells
result from the activity of the Sertoli cells which are under endocrine control Sertoli cells.
Negative feedback to the pituitary occurs via testosterone and inhibin. T, testosterone (Griswold,
1995).
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1.2 Effects of Endocrine disruptors on reproduction
Compounds that mimic natural hormones, such as environmental estrogens, which are
industrial chemicals, can be considered endocrine disruptors (Kime, 1998). Kavlock et
al. (1996) broadly defined an endocrine disruptor as “an exogenous agent that
interferes with the production, release, transport, metabolism, binding, action, or
elimination of natural hormones in the body responsible for the maintenance of
homeostasis and the regulation of developmental processes.” Another, simpler
definition was put forward at the Weybridge workshop in late 1996 (European
Commission, 1996): “An endocrine disruptor is an exogenous substance that causes
adverse health effects in an intact organism, or its progeny, consequent to changes in
endocrine function.” and “a potential endocrine disruptor is a substance that possesses
properties that might be expected to lead to endocrine disruption in an intact organism.”
One of the first synthetic endocrine disrupting chemicals (EDCs) recognized was 17β-
ethynylestradiol (EE2), a synthetic estrogen that is widely used as a component of oral
contraceptives administered to millions of women. In several European countries, the
concentration of EE2 and related steroids have been determined in surface waters and
a few nanograms of EE2 per liter of water were typically detected in rivers in the UK,
the Netherlands and Germany (Jurgens et al., 1999; Belfroid et al., 1999; Stumpf et al.,
1996). In sewage effluents, the concentration tends to be higher and in a particular
river in Germany, a peak concentration of 62 ng/l was recorded (median 17 ng/l;
Stumpf et al., 1996).
In fish, as in all other vertebrates, estrogens play an important role in reproductive and
developmental processes. When fish are exposed to estrogens during a critical phase
of developmental sexual differentiation may become disturbed reviewed by Iguchi et
al., 2001). For example, Jobling et al. (1998) reported that wild populations of roach
(Rutilus rutilus) exposed to sewage effluents containing various estrogenic substances
showed an increased degree of intersexuality. This report, and later studies raised
concern that estrogenic effects might lower fertility in exposed animals and humans
alike (Toppari et al., 1996). When juvenile fish were exposed to EE2 (100 ng/l) for two
months, genetic males underwent complete sex reversal and fertile females developed
(Scholz and Gutzeit, 2000). Similarly, sex reversal was observed in 25.5 to 40% of
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animals developing from medaka eggs that were microinjected with 0.5 to 2.5 ng EE2
per egg (Papoulias et al., 1999). When adult medakas were exposed to a minimum of
63.9 ng/l (0.19 nM) EE2 for three weeks, testis-ova developed (Seki et al., 2002), an
intersex phenotype that has been observed repeatedly after the exposure of adult male
fish to estrogenic substances.
Some evidence has been presented that estrogens may stimulate cell proliferation of
spermatogonia. In the Japanese eel (Anguilla japonica), 10 ng/l 17β-estradiol was
found to be sufficient to stimulate spermatogonial divisions after culture for 15 days in
vitro (Miura et al., 1999). In mice 17β-estradiol (E2) is present in the testis and estrogen
receptors (ER) α and β are expressed in the testis (reviewed by O’Donnell et al., 2001).
Phytoestrogens, a second source of EDCs, are plant compounds with estrogen-like
biological activity. Flavonoids are typical compounds of plant intermediary metabolism
and serveral flavonoids like genistein and 8-prenylnarigenin possess estrogenic
activity. They are found in either plants or their seeds and in the urine of vertebrates
that consume a phytoestrogen-rich diet. Some known phytoestrogens belong to the
chemical classes of isoflavones, coumestans, and lignans. These compounds are
present in herbs and seasonings (garlic, parsley), grains (soybeans, wheat, rice),
vegetables (beans, carrots, potatoes), fruit (dates, pomegranates, cherries, apples),
and drinks (coffee) (Kurzer and Xu, 1997).
Phytoestrogens attracted attention in the 1940s, with the discovery of the infertility
syndrome (clover disease) of Australian sheep, which is caused by the ingestion of
subterranean clover (Trifolium subterraneum L.) with very high concentrations of
phytoestrogens (Price and Fenwick, 1985; Adams, 1998). The most likely adverse
health risks associated with the consumption of phytoestrogens involve infertility and
developmental problems, which have been reported in various vertebrate-like, for
example, California quail (Leopold et al., 1976) and deer mice (Berger et al., 1977).
Genistein, a major isoflavone present in soy, exerts both proliferative (estrogenic) and
anti-proliferative (anti-estrogenic) effects in human estrogen-responsive cell lines. In
the human estrogen receptor (ER)-positive MCF-7 breast cancer cell line, these effects
are concentration dependent, with stimulation of cell growth occurring at low genistein
concentrations (10-5-10-8 M) and inhibition at high concentrations (10-4-10-5 M). At low
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concentrations, genistein competes with estradiol for binding to the ER and stimulates
the expression of pS2 mRNA, a specific marker of ER-mediated estrogen-like activity
(Wang et al., 1996). Genistein or 8-prenylnarigenin may bind to the ER and exert
significant estrogenic effects in a number of different test systems (Molteni et al., 1995;
Barrett, 1996; Casanova et al., 1999; Milligan et al., 2000). The antiproliferative effect
of genistein described above occurred in both ER-positive and ER-negative cell lines
and did not appear to be mediated by the ER. It has been proposed that genistein and
other phytoestrogens inhibit tumor cell growth by interfering with the tyrosine kinase
activity of activated growth factor receptors and cytoplasmic tyrosine kinase, which are
essential for the transduction of mitogenic signals (reviewed by Murkies et al., 1998;
Adlercreutz et al., 1995). Isoflavones exhibit other estrogenic effects. Most relevant for
sexual differentiaion and fertility is the induced sex reversal in normal XY medaka
males exposed to very low concentrations of genistein (1 and 10 µg/l). At these two
concentrations, 37% and 100% of exposed males become fertile females (Scholz and
Gutzeit, 2001).
1.3 Aims of the study
Endocrine disruptors, such as synthetic estrogens and phytoestrogens (environmental
estrogens), have been detected in river water and sewage and may interfere with the
proliferation and differentiation of testicular cells. To study and quantify these effects,
test systems using organ cultures and primary cultures of medaka testis would be
useful. Cell proliferation and differentiation of medaka testicular cells can be quantified
using a microplate reader and by flow cytometry. This work focuses on the
establishment of test systems. Using these systems, the effects of endocrine disruptors
(EE2, genistein, quercetin, and 8-prenylnarigenin) on cell proliferation and
differentiation was analyzed to prove their suitability for research. Moreover, the
potential of the tilapia as an alternative experimental organism for techniques requiring
a large number of cells has been examined.
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2. IN VITRO SYSTEMS FOR THE ANALYSIS OF CELL
PROLIFERATION AND DIFFERENTIATION
Unlike in vivo models, in vitro systems provide a controlled environment and hence a
molecular analysis is greatly facilitated. In many cases, in vivo studies generate
specific hypotheses that can be tested with in vitro model systems, which include
isolated organs, tissue slices, explant cultures, primary culture, or cell lines.
2.1 Testis cell lines
Most vertebrate cells die after a finite number of divisions in culture. When primary cells
between transformed immortal cell lines may ensue. The major advantages of cell lines
are that they provide an unlimited supply of cell material and easy storage (Alberts et
al., 1994). Several cell types are present in the testis. The use of cultured cell lines has
some advantages; for example, it allows to biochemical study a particular cell type of
interest.
Testis cell lines were used to investigate the effects of various substances on cell
proliferation and differentiation. For example, Kumi-Diaka et al. (1998) used cell lines
derived from Leydig cells, Sertoli cells, and spermatogonia of mice to study the effects
of genistein on both growth and proliferation, and Du Mond et al. (2001) investigated
how estradiol stimulates the proliferation of TM3 Leydig cells, a mouse cell line.
However, testicular cell interactions cannot be analyzed using such cell lines.
2.2 Organ culture
The study of cell proliferation and differentiation in living animals is difficult because of
the complexity and interdependence of the metabolic pathways involved. It is clear that
an in vitro system, in which tissue metabolism could be studied in isolation from the
rest of the body, would greatly facilitate understanding of complex organs. The testis is
a complex tissue and spermatogenesis is controlled by various factors, only a few of
which have been clearly defined. Tissue culture offers a simplified experimental system
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in which various factors can be rigidly controlled and their direct effect upon the testes
investigated.
Since 1920, numerous attempts to maintain organized growth of mammalian testicular
tissue in vitro have been reported. The process of spermatogenesis requires several
weeks in vivo, e.g. 25 days in a rat (Zhengwei et al. 1990; Malkov et al., 1998) and 30
days in a mouse (Bellve et al., 1977). Although Steinberger et al. (1964) cultured rat
testis fragments for up to six months to investigate spermatogenesis under various
culture conditions, it appeared that spermatocytes survived for approximately four
weeks without differentiating into spermatids.
In the mid 1970s, organ culture systems were defined for the long-term culture of tissue
pieces from the amphibian Amphiuma means (Fleming et al., 1975). The roller culture
technique was developed as a simple method. The tissue was removed from the
animal aseptically and cut into cubes with sides of about 2 mm length. The cubes were
placed in a small volume of medium in sterile screw-capped incubation tubes. The
tubes were then incubated on a roller apparatus that slowly rotates them while they
were tilted, which maximizes the surface area of the medium. Under these conditions,
tissue from goldfish and carp was maintained, functionally and structurally intact, for
seven days (Janssens and Lowrey, 1987). To analyze changes in morphology and
proliferation in the postnatal rat testis, fragments of testes were cultured for up to 72 h.
Proliferation was then assessed by examining morphological changes (Schlatt et al.,
1999).
The small size of medaka testes (about 1.8 mm long and 0.8 mm in diameter) allows
the culture of the entire organ in vitro for a limited period of time. For example,
Hamaguchi (1993) cultured medaka testis in vitro for up to 48 h and studied
ultrastructural changes in spermatogonia during culture. Our approach of cutting the
isolated testis into two fragments of roughly equal size (App. II, Fig. 1a) has two
important advantages. Firstly, it facilitates access of the medium to the spermatogenic
cysts in the center of the organs and secondly, an ideal control preparation is available,
since the commonly observed large physiological differences between different
individuals are avoided. The validity of our approach (App. II) was demonstrated by
comparing cell proliferation in both fragments; it was found to be identical. Since it is
impossible to cut a testis into two fragments of identical size, the obtained quantitative
13
data on the BrdU incorporation must be related to the respective fragment size. To this
end we also determined the DNA content of each fragment as a measure of the cell
number. Cell in the testis fragment remained vital for the culture period and motile
spermatozoa were observed in the preparations (App. II, Fig.2a,b). Presumably these
spermatozoa had differentiated during the culture period since isolated spermatozoa
cultured for 24h are no longer viable.
In vitro spermatogenesis has been investigated in various species using organ culture,
including rats (Wong and Mclean, 1999), rainbow trout (Oncorhynchus mykiss)
(Vizziano and Gac, 1998), Japanese Huchen (Hucho Perryi) (Amer et al., 2001),
Japanese eel (Anguilla japonica) (Miura et al., 1991; 1999), and medaka (App. II).
None of the studies reported differentiation of spermatocytes into spermatids during
culture. It appear that primary cultures can be maintained in vitro for longer periods of
time and are hence generally preferred to organ cultures.
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2.3 Primary culture
Cultures prepared by dissociation of the respective tissue of an organism are called
primary cultures. Primary culture offers a number of experimental advantages. In
particular, the dissociation avoids hypoxia which is a major problem of organ cultures.
The major advantage is that the cultures can be maintained for many days or weeks
and may, therefore, serve as a long-term in vitro test system. Spermatogonial cell
proliferation and spermatocyte to spermatozoa differentiation have been investigated
by several author using the controlled environment of a primary culture.
To study the role of Sertoli cells in spermatogenesis, Tres and Kierszenbaum (1983)
investigated the viability of rat spermatogenic cells in vitro by coculturing them with or
without Sertoli cells in serum-free hormone-supplemented medium. The study showed
that premeiotic cells proliferate and meiotic prophase cells differentiate in association
with Sertoli cells in vitro. This observation showed that Sertoli cells are necessary for
spermatogenesis in primary cultures in vitro.
The Japanese eel (Anguilla japonica) testis was subject to detailed studies since the
immature testis contains only spermatogonia and somatic cells. To investigate the
effects of gonadotropin and male steroid hormones (testosterone in mammals and 11-
ketotestosteron in fish) on the proliferation of germ cells (spermatogonia), germ cells
and somatic cells (mainly Sertoli cells) of eel testes were cocultured for 30 days with
gonadotropin GTH II and 11-ketotestosterone (11-KT) (Miura et al. 1996), a potent
androgen in teleost fishes that can induce all stages of spermatogenesis in vitro. The
results of this study were to show a significantly higher spermatogonial proliferation
rate in the 11-KT-treated group, as compared to a control group, cultured without 11-KT
after germ cells and Sertoli cells were initially aggregated by centrifugation. When
spermatogonia and Sertoli cells were cocultured without centrifugation, neither the
proliferation of spermatogonia nor their differentiation into spermatocytes was
observed, even in the presence of 11-KT. Type A spermatogonia were present in
pellets cultured without 11-KT, but no progressed germ cell stages were found. Saiki et
al. (1997) studied in vitro spermatogenesis using spermatocytes from mature medaka
testis (Oryzias latipes) without 11-KT. The author addressed the question, whether the
sperm produced in vitro possessed the same characteristics (e.g., fertility, normal
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chromosome number ) as those produced in vivo. The testicular cells were incubated
at 26°C in a humidified atmosphere and the medium was changed daily. Primary
spermatocytes at metaphase underwent meiotic divisions and mostly differentiated into
spermatids. These processes occurred within 48 hours. The results of Saiki et al.
(1997) confirmed that primary spermatocytes sequentially undergo meiotic divisions to
differentiate into four spermatids with flagella in primary culture. Similarly, Staub et al.
(2000) also assessed the meiotic process in rat spermatogenic cells in vitro. After 21
days of culture, BrdU-containing round spermatids were identified, suggesting that they
had been formed in culture from BrdU-labelled leptotene spermatocytes. This study
indicated that the entire meiotic process, from leptotene spermatocyte to round
spermatid, can occur in vitro. From these reports, it is clear that spermatogenesis from
spermatocytes or spermatogonia can occur in vitro under suitable conditions.
Recently, Sakai (2002) reported that cultured male zebrafish (Danio rerio)
spermatogonia undergo mitosis and meiosis, to develop into functional sperm.
Testicular cells were cultured in vitro for 15 days, and BrdU-labeled cells had large
nuclei after five days of culture. BrdU incorporated spermatozoa were observed after
eight days, and BrdU-positive flagellated sperm were found on day nine. The entire
process of spermatogenesis was observed in vitro.
In principle, the entire process of spermatogenesis from germ cells can be studied in
primary cultures. However, the fraction of newly formed haploid cells and cell
proliferation within the cultures have not been quantified. Hence it was the aim of this
study to establish a primary culture system which allows to quantify cell proliferation
and differentiation in spermatogenesis. Dissociated medaka testis cells (App. I, Fig. 1a)
were cultured for several days and then the differentiation of spermatogenic cells was
observed. During the 24-hour culture, some cells attached to the surface of the culture
dish (adherent cells) and had a tendency to aggregate. Other cells remained
unattached (suspended cells) and formed small lumps of cells. Adherent and
suspended cells from primary testis cultures possessed properties that were partly
interchangeable, since the respective cell populations were in dynamic equilibrium
(App. I, Fig. 2). Within the aggregates of suspended cells, we observed the formation of
spermatids and spermatozoa (App. I, Fig. 1b) and most of these cells were vital (App.
II, Fig. 2cd). These observations show that 24 hours is a sufficiently long incubation
time to allow spermatozoa to differentiate in vitro, in agreement with the results of Saiki
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et al. (1997).
To examine the potential of tilapia as an alternative experimental organism, we first had
to establish a primary culture system for this species. Tilapia testicular cells were
cultured under the same conditions as the medaka testicular cells (App. I, II). Tilapia
testicular cells aggregated to form clumps during the culture and formed two cell
populations (adherent and suspended cells), similar to medaka testicular cells. Within
these cell aggregates, elongating spermatids and spermatozoa were observed (Fig.
3ab). A vitality assay revealed that the cultured tilapia cells were viable (Fig. 4). These
experiments demonstrated that primary cultures of tilapia testis are suitable as a test
system for investigating and quantifying spermatogenesis.
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Figure 3. Phase-contrast micrograph of tilapia testicular cells before culture (left, x 400)
and after 24 h of culture (right, x 400).
Spermatogenic cells present at the time of plating as single cells (left) were incubated for only
24 h in the medium. After 24h of culture, the cells aggregated and developed spermatids
(arrows, right).
Figure 4. Vitality of suspended cells from tilapia testis.
Spermatogenic cells were cultured for 24 h, and then the vitality of cells was determined by
staining with calcein-AM/EthD-1. Almost all cells were living. Green fluorescence indicates living
cells, while red fluorescence indicates dead cells.
18
2.4 Isolated cell types from primary testis cells
For the analysis of specific cellular function is best achieved by culture or co-culture of
the specific cell types of interest.
In mammals, the development of mechanical and enzymatic techniques allowing the
isolation of cell populations enriched in one testicular cell type began at the end of the
1960s, and improved techniques for isolating germ cells, Sertoli cells, and Leydig cells
were established (Loir and Sourdaine, 1994). Loir (1994) isolated trout spermatogonia
and spermatocytes alone, and cocultured them with Sertoli cells in medium with or
without steroid hormones. Loir (1994) found that insulin-like growth factor influences
the proliferation of trout mitotic germ cells, and that Sertoli cells stimulate the
proliferative activity of spermatogonia. This suggests that Sertoli cells are important for
spermatogonial proliferation. Countering this suggesting, Miura et al. (1996) studied if
germ cells can proliferate or differentiate without somatic cells. In their study, germ cells
from Japanese eel (Anguilla japonica) testes were cultured with or without somatic
cells, and they found that spermatocytes could differentiate without Sertoli cells.
As shown experimentally, the single-cell-type culture can be used to study proliferative
activity of the cell type. However, the loss of the tissue architecture and possibly lacking
contacts to other cells, paracrine fractions, or extra-cellular matrix components must be
taken into account and the results interpreted with caution.
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3. CELLULAR DYNAMICS IN THE TESTIS
3.1 Spermatogonial cell proliferation
Spermatogenesis begins with the proliferation of the primordial germ cells and
proceeds to the production of spermatids. Several methods have been developed to
study cell proliferation, such as auto-radiography after uptake of tritiated thymidine into
proliferating cells (Clermont, 1969), the expression of proliferating cell nuclear antigen
(PCNA), which is maximal around S phase of the cell cycle (Mathews et al., 1984), and
the immunohistochemical localization of BrdU incorporated during S phase of the cell
cycle (Harms et al., 1986; van de Kant et al., 1988; 1990; Rosiepen et al., 1994).
In several studies, cell proliferation was identified by BrdU incorporation during S phase
in cycling cells and was subsequently visualized using anti-BrdU antibodies. This
method has been used for labeling proliferating mammalian testicular cells in vivo (Van
de Kant et al., 1988; Thoolen, 1990) and in vitro (Staub et al., 2000). Germ cells have
been labeled in rat testes fragments (Schlatt et al., 1999), Japanese eel testes (Miura
et al., 1999), and newt testes (Cynops pyrrhogaster) in vivo and in vitro (Yazawa et al.,
2001). In primary cultures of trout (Loir 1994) and zebrafish (Danio rerio) (Sakai 2002),
BrdU-labeled are characterized by their large nuclei spermatogonia.
To detect proliferating cells within the culture period, BrdU was added to the primary
cultures. After 24 h of culture, the BrdU-labeled medaka cells in primary cultures (App.
I, Fig. 3; App. II, Fig. 4c) and the peripheral location of tissue sections (App. II, Fig.
4ab), were identified as spermatogonia, and possibly also some preleptotene
spermatocytes. These cells are characterized by their relatively large diameter and
their morphology (Shibata and Hamaguchi, 1986; Hamaguchi, 1987).
As mentioned previously, medaka testis primary culture contained adherent and
suspended cells. Proliferating cells were detected in both adherent and suspended
cells, although they were clearly more frequent in suspended cells (App. I, Fig. 3b). To
prove this, cell proliferation in the two cell populations was quantified. The suspended
cells consistently proliferated more than the adherent cells (Fig. 5c), although there
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were more adherent cells than suspended cells as determined by DNA measurements
(Fig. 5a). These results suggest that suspended cells have greater proliferative activity.
Different cell parameters, such as ploidy and cell size, can be quantified easily by flow
cytometry. As a result, this technique has been used extensively in the study of
spermatogenesis (see for example Malkov et al., 1998; Blottner and Roelants, 1998;
Dey et al., 2000). To study cell proliferation, flow cytometry has been used in
combination with 5,(6)-carboxyfluorescein diacetate N-succinimidyl ester (CFSE)
labeling (Parish, 1999). Using this compound, cells are labeled with fluorescence, and
during each cell division the fluorescence intensity is reduced by approximately half,
thus allowing the identification of proliferating cells (Fig. 6). This powerful technique
was introduced by us for the analysis of spermatogenesis. To get additional information
on the cell cycle distribution of the analysed cells and the ploidy, cells were, in addition,
stained with propidium iodide (PI). Haploid spermatids (1C) can be clearly separated
from diploid soma and germ cells (2C) and from cells that have passed the S-phase
and possess 4C DNA content, i.e., cycling spermatogonia in G2/M and primary
spermatocytes before the first meiotic division.
Based on this property, an area in a two-dimensional plot (CFSE vs. PI fluorescence)
can be defined that contains these newly formed cells (App. I, Figs. 5 and 6, box I). The
shaded area (App. I, Fig. 5, box I, 2C) represents secondary spermatocytes derived
from CFSE-labeled primary spermatocytes and cycling spermatogonia. The second
shaded area (App. I, Fig. 5, box I, 4C) contains cycling spermatogonia at the G2/M
phase of the cell cycle and primary spermatogonia derived from cycling spermatogonia.
All of these cells were characterized by having completed at least one cell division in
vitro. The results confirm that mainly suspended cells proliferate actively (App. I, Table
1). A more detailed analysis of cellular function using molecular markers is an
important for the furture task.
To examine the potential of tilapia for studying cell proliferation using flow cytometry,
tilapia testicular cells were processed as described in Figure 7. The results also show
that suspended cells in tilapia primary culture proliferated more than adherent cells
(Fig. 8) and resembled medaka primary cells in this property.
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Figure 5. Proliferation of adherent and suspended cells in primary cultures of medaka
testis.
Testicular cells were incubated for 19 h in medium followed by a 5 h incubation in medium with
10 µM BrdU. Suspended (S) and adherent cells (A) were collected separately. Measurements
were made of BrdU incorporation (amount of proliferating cells), the quantity of DNA (µg) (cell
number), and proliferation (BrdU incorporation/DNA). Bars represent means ± SD. n = 4, * p <
0.01.
Figure 6. Proliferation of HL-60 cells analysed by quantifying CFSE content and PI
fluorescence (DNA content).
Due to the reduction of CFSE fluorescence with each division cells in the first, second, and third
cell division can be distinguished (labelled 1, 2 and 3; 0 indicates the cell cycle at the time of
CFSE labelling). The two-dimensional plots show CFSE and PI determinations of cells at the
beginning of the experiment (a) and after 2 days of culture (b) (Tokalov et al, 2000).
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Figure 7. Summary of the technique used to analyze medaka and tilapia testis cells by
flow cytometry.
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Figure 8. Proliferation of tilapia testicular cells analyzed using flow cytometry.
Primary cells were labeled with CFSE for 20 min in the dark before being cultured for 24 h.
Then, the cells were separated into adherent and suspended cells and stained with PI. The
intensity of CFSE labeling depends on cell size and is halved at each cell division. The PI
staining is proportional to the DNA content of each cell and reflects ploidy. (a) Two-dimensional
plot of the flow cytometry data for primary tilapia testis cells before culture; these cells were
characterized by a reduced CFSE content and must have divided after CFSE labelling. (b) A
histogram of the cells in the field marked in a. (c-f) Histograms showing only the populations of
cells, which divided during in vitro culture. Particularly marked differences were apparent when
the suspended cells treated with genistein were compared with the respective controls. In
genistein-treated cultures, the numbers of cells in the histograms were markedly reduced as
compared with the controls. FL1 = CFSE fluorescence. FL3 = PI fluorescence. For each cell
sample, 5 × 104 cells were analyzed.
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3.2 Meiosis and post-meiotic differentiation
Germ cell differentiation during spermatogenesis involves meiosis and spermiogenesis.
Two successive meiotic divisions, which generate secondary spermatocytes and
spermatids, are characterized by reductions in size and ploidy of 2N and 1N,
respectively. Various authors have investigated the meiotic process of spermatogenic
cells in vitro (Tres and Kierszenbaum 1983; Saiki et al., 1997; Feng et al., 2002; Sakai
2002). In rats, seminiferous tubule fragments were cultured and BrdU-labeled leptotene
spermatocytes first differentiated into pachytene spermatocytes, and then into
secondary spermatocytes; BrdU-labeled round spermatids were observed from day 21
of culture onward (Staub et al., 2000). Male Japanese eels have immature testes
containing only premeiotic spermatogonia, i.e., type A and early type B spermatogonia.
Meiosis started after 18 days, and after 21 days round spermatids and spermatozoa
differentiated (Miura et al., 1991). Furthermore, when isolated germ cells and somatic
cells from Japanese eel testis were pelleted by centrifugation and cultured in the
presence of 11-KT for 30 days, the entire spermatogenic process from premitotic
spermatogonia to spermatozoa was induced. Many spermatids were found at day 20,
elongated spermatids were produced by day 27, and after 30 days in culture many
spermatozoa had formed (Miura et al., 1996). Similarly, cultured male zebrafish (Danio
rerio) germ cells underwent mitosis and transmeiotic differentiation, including the entire
process of meiosis, to develop into functional sperm. The isolated germ cells formed a
clump, divided by mitosis, and differentiated into flagellated sperm. Subsequently, the
clump disappeared by day 15, and an aggregation of flagellated sperm was found in
suspension (Sakai 2002). As discussed above, it was previously reported that
spermatocytes differentiate into spermatids after at least 15 days of culture.
We found that spermatocytes differentiated and then produced spermatids in cell
aggregates within 24 hours in our medaka testicular culture (App. I; Fig.1b). Apparently,
a large fraction of the primary cells consisted of primary and secondary spermatocytes,
which completed meiosis and underwent spermiogenesis. Our observation is in
keeping with the results of Saiki (1997).
The observation that spermatocytes complete meiosis and differentiate into spermatids
and spermatozoa in vitro allows the design of test systems to study the molecular
25
control of these differentiation processes and their possible disturbance by xenobiotics.
At present, suitable molecular marker molecules for the medaka are not available for
studying cellular differentiation processes in vitro. However, flow cytometry in
combination with CFSE labeling offers an attractive alternative for quantifying
differentiation. Newly formed spermatids or spermatozoa can be identified by the low
CFSE content (App. I, Fig. 5, area II). Our quantitative data showed that spermatocytes
differentiate into spermatozoa within 24 h of culturing in vitro. Due to the small size of
the medaka testis, cell numbers in the gated areas were low, but the observed effects
were reproducible (App. I, Fig. 6, area II; Table 1). Based on this result, we suggest that
flow cytometric analysis combined with CFSE labeling provides a powerful tool for
analyzing complex mixtures of cell types in primary cells of the testis.
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4. EFFECTS OF ETHYNYLESTRADIOL AND FLAVONOIDS ON
VERTEBRATE SPERMATOGENESIS
4.1 Effects of ethynylestradiol
Ethynylestradiol (EE2) is a potent synthetic estrogen that produces pronounced
estrogenic effects even at very low concentrations (Purdom et al., 1994; Sheanhan et
al., 1994). This estrogen is present in the environment at low concentrations and may
affect in estrogen-responsive cells.
Does EE2 produce the same effect as E2 concerning the proliferation of estrogen-
responsive cells ? Furlanetto et al. (1999) studied a possible role for 17β-estradiol in
thyroid follicular cell growth using rat FRTL-5 thyroid follicular cells as a model.
Estradiol increased FRTL-5 (human thyroid gland) cell growth in a time- and
concentration-dependent manner, since FRTL-5 cells contain functional ERs that
enhance cell growth. The effects of EE2 and E2 on the proliferation of human breast
cancer cells (MCF-7), an estradiol-responsive cell line, was investigated at a
concentration range from 10-10 to 10-5 M for both estrogens. The results suggested that
E2 had a gradually decreasing effect on proliferation with increasing concentration,
while EE2 showed a constant proliferative effect over a wide concentration range. At
the highest concentration tested, E2 had no effect on proliferation while EE2 inhibited
growth. EE2 appears to have a weaker proliferative effect on breast cancer cells, as
compared with E2, but both estrogens appear to have similar effects on endothelial
cells (Lippert et al., 2002). In summary, EE2 at low concentrations acts similarly to E2,
while high concentrations inhibit cell proliferation.
Estrone is an essential hormone in male reproduction (Hess et al., 1997; 2001; Sharpe
1998), and both α-estrogen receptor (ER) and β-ER are present in several cell types in
the testis, including both somatic cells and germ cells (see Nie et al., 2002, reviewed by
Hess, 2001). E2 appears to be required for mitotic proliferation of germ cells in the
Japanese Huchen (Hucho perryi) (Amer et al., 2001) and in the Japanese eel (Miura et
al, 1999). In rat gonocytes (or prespermatogonial cells) estrogen stimulated gonocyte
proliferation (Li et al., 1997). The stimulatory effect of E2 on spermatogonial
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proliferation may be present in all vertebrates, since not only mammals, but also fish,
amphibians (Minucci et al., 1997), and reptiles (Chieffi et al., 2000) show this effect.
We speculated that EE2 might show a similar effect as E2  on cell proliferation of
spermatogonia. To investigate the effect of EE2 on cell proliferation in organ and
primary cultures, 0.01, 1 and 100 nM EE2 was added to the culture medium and the
BrdU incorporation in the respective samples analysed. In our test systems (App. II,
Fig. 1), the proliferation of spermatogonia was stimulated slightly at low EE2
concentrations (0.01, 1 nM), but at a high concentration (100 nM) proliferation was
inhibited (App. II, Fig. 5; Fig. 9a). Miura et al. (1999) reported a similar finding, i.e., that
spermatogonial stem cell renewal was stimulated strongly at 10 ng/l E2, but with higher
concentrations (100 and 1000 ng/l) the stimulatory effect was attenuated.
The effects of EE2 on testis cells in vitro has not been critically verified by in vivo
experiments. Circumstantial evidence, however, is consistent with the notion that EE2
may negatively affect spermatogonial proliferation since mice fed on EE2 enriched diet
showed reduced sperm production (Hunt et al., 1978).
4.2 Effects of flavonoids
Phytoestrogens, present in food, are an important source of environmental estrogens.
These flavonoids have very interesting effects on cell cycle progression. The best
studied flavonoid is genistein, which binds to estrogen receptors and exerts significant
estrogenic effects (Molteni et al., 1995; Barrett 1996; Casanova et al. 1999; Milligan et
al. 2000). Recently, 8-prenylnarigenin was identified as highly achieve estrogenic
flavonoid (Milligan et al., 1999). As third flavonoid quercetin was chosen because of ist
known cytostatic effects (Wong and Mclean 1999).
Genistein has been shown to inhibit growth and induce differentiation in human
leukemia cells at concentrations of 37 and 74 µM (Constantinou et al., 1990), and to
inhibit the growth of human prostate cancer, and stomach, esophageal, and colon
cancer cells (Yanagihara et al., 1993), as well as solid pediatric tumors such as
neuroblastomas, rhabdomyosarcomas, and Ewing’s sarcomas (Schweigerer et al.,
1992). Genistein stimulates the proliferation of estrogen- responsive cell lines
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expressing ER like, for example human MCF-7 cells (derived from a breast tumor). Cell
proliferation was stimulated in these cells at concentrations between 0.01 and 1 µM
(Wang et al., 1996). Similarly pituitary tumor cells (PR1) were stimulated at genistein
concentrations ranginf from 10-4 to 1 µM (Stahl et al., 1998). However, at high genistein
concentrations (10 µM and above) cell proliferation may be inhibited (Wang and Kurzer
1997). While formally this effect in estrogen responsive cell lines may be described as
anti-estrogenic, the likely reason for the effect is different. Genistein inhibits various
enzymes including, for example, tyrosine kinase (Akiyama et al., 1987) this property
and other toxic effects are likely to inhibit cell proliferation. Moreover, genistein has
been reported to have adverse effects on animal reproduction (Santell et al., 1997),
affecting fertility, inducing sex reversal, or intersexuality, as well as several beneficial
effects on human health (Cassidy, 1996). In different testis-derived mouse cell lines,
which were derived from Leydig cells, Sertoli cells, and spermatogonia, genistein was
reported to induce apoptosis at concentrations above 20 µg/ml after 48-h exposure,
and growth inhibition and proliferation were found to be dose and exposure time
dependent (Kumi-Diaka et al. 1998). To investigate the effect of genistein on cell
proliferation and differentiation in primary culture, the cells were exposed to 1, 10 and
100 µg/ml genistein. 1 to 100 µg/ml genistein inhibited proliferation of medaka testis
cells in a dose-dependent manner (Fig. 9b). At a concentration of 10 µg/ml, genistein
reduced the differentiation of spermatozoa (App. I, Fig. 6, area II, Table 1) and induced
apoptosis (App. I, Fig. 6; area III, Table 1).
A potent phytoestrogen in hops, 8-prenylnaringenin, has greater activity than other
established plant estrogens (Milligan et al., 1999; 2000; Gester et al., 2001). The
effects of 8-prenylnarigenin on male reproduction are not well studied. The effects of
0.001 to 10 µM 8-prenylnarigenin on spermatogonial cell proliferation was studied and
no effect on proliferation was found (Fig. 9d).
Quercetin, a dietary flavonoid, is a naturally occurring antioxidant that inhibits
proliferation in rat liver, spleen, and testis in vitro (Wong and Mclean 1999; Carver et
al., 1983). With our experimental in vitro approach the inhibitory effect of quercetin on
spermatogonial proliferation in dose dependent fashion was clearly demonstrated (Fig.
9c). The highest concentration tested (100 µM) is presumably toxic since in other cell
types a large fraction of cells becomes apoptotic (Tokalov and Gutzeit, personal
communication).
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Figure 9. Effect of estrogenic substances on cell proliferation in primary cultures of
medaka testis.
Testis cells were cultured in medium containing estrogenic substances [0, 0.01, 1 and 100 nM
EE2, 1, 10 and 100 µg/ml genistein (4´, 5, 7-Trihydroxyisoflavone), 0.01, 1 and 100 µM
quercetin, and 0.001, 0.1, 1 and 10 µM 8-prenylnarigenin] for 19 h and incubated in medium
containing 10 µM BrdU for 5 h. The quantity of DNA (µg/ml) and BrdU incorporation were
measured separately for adherent and suspended cells. Bars represent mean ± SD. n = 6, * p <
0.05.
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Primary culture of medaka (Oryzias latipes) testis: a test system for the
analysis of cell proliferation and differentiation
Miyeoun Song and Herwig O. Gutzeit*
Institute of Zoology, TU Dresden, Mommsenstrasse 13, D-01062 Dresden, Germany
Summary
An in vitro test system using primary testis cells of the medaka (Oryzias latipes) has
been established that provides quantitative data on cell proliferation and spermatocyte
differentiation. The primary cultures were characterised over a period of 2 days with
respect to cell viability and the distribution of adherent and suspended cells. These two
cell populations are maintained at a dynamic equilibrium in vitro for several days. The
proliferating cells are predominantly present amongst the clusters of suspended cells
as determined by BrdU labelling (cytological identification and quantification by ELISA).
Based on cytological criteria the proliferating cells are mostly spermatogonia and
preleptotene spermatocytes. Differentiation of spermatocytes to spermatids or
spermatozoa has also been observed mainly amongst suspended cells. Quantification
of cell proliferation and cell differentiation by flow cytometry was achieved by labelling
the primary cells with carboxyfluorescein diacetate N-succinimidyl ester which allowed
the identification and quantification of meiotically or mitotically dividing primary cells.
Addition of the flavonoid genistein (10 µg/ml) to the primary cultures inhibited both cell
proliferation and cell differentiation significantly. The test system is suitable to study the
effect of substances which interfere with spermatogenesis in the model vertebrate
medaka.
Key words: primary culture, spermatogonia, spermatogenesis, genistein, flow
cytometry,
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Introduction
Spermatogenesis in vertebrates is not only a useful model system in basic research to
study cell differentiation but also to understand the underlying complex control
processes, that have important applied aspects. Disturbances in reproductive functions
in animal populations may have ecological and economical consequences and in case
of humans pose an important medical challenge. Simple quantitative test systems for
fertility and spermatogenesis are required to analyse both the basic molecular
mechanisms of spermatogenesis and the deliberate or accidental interference with
these processes. The establishment of a suitable test system to analyse the cellular
dynamics during vertebrate spermatogenesis was the central aim of this study.
For the purpose of this study we chose the medaka (Oryzias latipes) as a vertebrate
model organism. This small fish has numerous experimental advantages, in particular
in studies concerning sex determination and sex differentiation (Scholz and Gutzeit
2001; Shinomiya et al. 2001; Matsuda et al. 2002). Androgens and estrogens play an
important role in the cellular differentiation processes and in the control of
gametogenesis of male and female gonads, respectively. Numerous xenobiotics have
been identified in recent years which affect the normal endocrine regulation and were
hence referred to as “endocrine disrupters”. The effect of such compounds has been
addressed in many studies. Using the medaka as an experimental system several
authors have used natural or synthetic estrogens to analyse possible effects on
reproduction (Scholz and Gutzeit 2000; Shioda and Wakabayashi 2000; Foran et al.
2002; Kang et al. 2002; Seki et al. 2002).
Compounds which act like estrogens need not possess the chemical structure of
steroids. The estrogenic effect of some flavonoids illustrates this point. For example,
genistein or 8-prenylnaringenin may bind to the oestrogen receptor and exert
significant estrogenic effects in a number of different test systems (Molteni et al. 1995;
Barrett 1996; Casanova et al. 1999; Milligan et al. 2000). Since estrogens and
androgens play a pivotal role in sex differentiation and fertility of vertebrates in normal
development a negative effect of endocrine disrupters on vertebrate reproduction was
suspected and evidence to this end has accumulated from in vitro and in vivo
observations (reviewed, for example, by Adlercreutz and Mazur 1997; Kime 1998;
Rickard and Thompson 1995). The most spectacular evidence was the infertility
syndrome (“clover disease”) of Australian sheep herds which is due to ingestion of
subterranean clover (Trifolium subterraneum L.) with very high concentrations of
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phytoestrogens (Price and Fenwick 1985; Adams 1998) This disease is caused by the
high intake of red clover and high production of equol by intestinal bacteria in the sheep
(Price and Fenwick 1985). These and other observations on animal populations
suggest that adverse health effects of endocrine disrupters are likely to be concerned
with infertility and developmental disorders. Remarkably, very small concentrations of
genistein (1 and 10 µg/l) result in sex reversal of normal XY medaka males so that for
these two concentrations 37 and 100% of the exposed males become fertile females
(Scholz and Gutzeit 2001).
While the relevance of endocrine disrupters on reproduction can only be demonstrated
by exposing animals to the respective test compounds, these experiments give usually
little information concerning the molecular mechanisms of the observed effects. On the
other hand, a purely molecular approach is insufficient to predict the cellular
consequences. For example, genistein not only binds to the oestrogen receptor and
may act as an agonist (Molteni et al. 1995) but also the substance is also a potent
tyrosine kinase inhibitor (Spinozzi et al. 1994). At least for the well-studied flavonoids
like genistein and quercetin evidence accumulates suggesting that these small
hydrophobic molecules may bind to a number of target molecules in the cell thus
modulating the biological activity of several enzymes and receptors. As a result the
biological effects of the compounds must be expected to be diverse and cell type
specific. Genistein was chosen as a model compound in this study to quantify effects
on cell proliferation and differentiation.
Primary cultures may greatly aid in the analysis of the biological effects of flavonoids or
other substances of interest, since the cell-type specific features are largely maintained
for at least some days. We have made an effort to use primary cultures of medaka
organs as an assay system for bioactive substances of interest. The establishment and
use of liver primary cultures has been reported before (Kordes et al. 2002). In this
communication we describe the establishment of testis cell cultures of the medaka and
possible practical applications using genistein as a model compound. Primary cultures
of the medaka testis have been also prepared by Saiki et al. (1997) who showed that
spermatocytes may pass through meiotic division(s) followed by spermiogenesis.
Based on these observations it was our intention to develop a test system with
parameters that can be quantified using a microplate reader or by flow cytometry.
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Materials and Methods
Experimental animals
In all experiments the d-rR strain of the medaka (Oryzias latipes) was used which is
characterised by red coloration of the tail fin in males thus allowing to distinguish both
sexes easily (Yamamoto 1975). About 50 animals were kept in aquaria filled with 60-80
L of charcoal filtered dechlorinated local tap water (pH 8.1, conductivity 277 µS/cm,
permanent hardness i. e. divalent ions 1.21 mM) under constant light-dark cycles of
16/8 h and a temperature of 27 ± 0.5 °C as described in detail before (Scholz and
Gutzeit 2000). For the experiments only males were used which were about four
months old and had a body length of 3 ± 0.2 cm. Since the experiments were not
carried out with life animals an approval of the project on ethical grounds was not
required according to German laws.
Testis primary culture
Male medaka were killed with a saturated solution of benzocain (>0.04 % (w/v) ethyl-4-
aminobenzoate, Aldrich, Germany), surface disinfected with 70 % ethanol, and
transferred to a sterile dissection tray. The testes were dissected using sterile scissors
and forceps and placed in 5 ml phosphate-buffered saline (PBS) in a petri-dish. The
organs were placed in a sterile sieve (pore size 100 µm), washed three times with
sterile PBS, and incubated with 0.05 % (w/v) collagenase H (Roche Diagnostics,
Germany) in PBS for 15 min according to Kordes et al. (2002). After enzymatic
dissociation the tissue was pressed with the blunt end of a sterile syringe through the
sieve. The cell suspension was filtered again through a second sieve (pore size 50
µm), transferred into a 15 ml falcon tube and centrifuged at 100 g for 5 min at 25°C.
The cell pellet was resuspended in Dulbecco`s modified Eagle`s medium (mixture F12)
supplemented with 100 µg/ml streptomycine (Gibco BRL, Germany) and 2 % (v/v)
steroid free Ultroser SF (Biosepra, France) according to Flouriot et al. (1993). The cells
were counted using a haemocytometer (Neubauer) and seeded at a density of 2x106
cells/ml into a 24 well plate (Primaria, Falcon, USA). The cells were incubated in the
cell culture medium for 24 h at 25°C in humidified atmosphere with 5% CO2.
After culturing the primary cells for 24 h some cells attached to the culture dish
(referred to as adherent cells) while other cells formed aggregates which floated in the
medium (suspended cells). These different cell populations were analysed separately.
The suspended cells were collected by removing the medium, while the adherent cells
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were detached from the culture plate by incubating with 0.025% (w/v) trypsin and
0.01% (w/v) ethylenediaminetetraacetic acid (EDTA; Biochrom AG, Germany) in PBS
for 10 min. Both cell populations were washed twice with sterile PBS. The cells were
observed and photographed under phase contrast using a microscope (Axiovert 135,
Zeiss, Germany) equipped with a digital camera (Spot, Diagnostic Instruments Inc.,
USA ). The photographs were edited with Meta View software (Universal Imaging
Corporation, USA).
Cell viability
The viability of suspended and adherent cells after 24 h culture was assayed using the
fluorescent dyes Calcein AM and ethidium homodimer-1 solution
(LIVE/DEAD Viability/Cytotoxicity kit for animal cells, Molecular Probes, USA) at a
concentration of 4 µM and 2 µM in PBS, respectively. After staining for 30min at room
temperature the green and red fluorescing cells were identified using a confocal laser
scan microscope (LSM 510, Zeiss, Germany). The viability of spermatozoa under our
culture condition was tested in separate experiments. Medaka testes were cut into
pieces and the released spermatozoa collected with a pipette. The cells were
centrifuged at 100 g for 5 min and resuspended in culture medium. The spermatozoa
were placed in the wells of a 24 well plate at a concentration of 2x106 cells/ml and
cultured for 24 h at 25°C (5% CO2, humidified atmosphere). The motility and viability
(LIVE/DEAD kit, see above) of the spermatozoa was analysed every two hours up to 8
h and finally after 24 h.
Genistein exposure
To investigate the effects of genistein (4´, 5, 7-Trihydroxyisoflavone, Lancaster,
England) on cell proliferation and spermiogenesis, the substance was added to the
culture medium (final concentration 0, 1, 10, 100 µg/ml). The compound was present
during the entire culture period of 24 h and finally the effect was analysed by flow
cytometry or BrdU ELISA as described below.
Cell proliferation
For the identification of proliferating cells that had passed through an S-phase we
applied the BrdU labelling technique. After culturing the primary cells for 19 h the
thymidine analogue 5-bromo-2`-deoxyuridine (BrdU, Sigma, Germany) was added (10
45
µM) and the culture continued for 5h. For the identification of proliferating cells,
suspended and adherent cells were collected as described above, washed twice with
PBS and pipetted onto round glass coverslips, which were placed in a 24 well plate
(Nunc, Denmark). The culture plates were then centrifuged with a swingout rotor at 180
g for 5 min (Universal 30 RF, Hettich, Germany) so that the cells adhered to the glass
surface. The cells were fixed with 70 % ethanol in 50 mM glycine buffer (pH 2.0) for 20
min at –20°C and then washed three times with PBS. For detection of BrdU-labelled
cells a commercial kit was used (5-Bromo-2`-deoxy-uridine Labeling and Detection kit
II, Roche, Germany ) according to the instructions of the producer. Alkaline-
phosphatase labelled secondary antibodies allowed to visualise the antigen. The
samples were mounted with aquatex (Merck, Germany) and viewed in a light
microscope (see above).
The quantification of BrdU incorporation by the primary cells was carried out in parallel
experiments. Suspended and adherent cells obtained from 24 h cultures (see above)
were transferred into 1.5 ml eppendorf tubes, mixed briefly and centrifuged at 4 °C for
10 min at 180 g. The cell pellets were sonicated for a few seconds in 200 µl sterile PBS
(Power MS 72/D, Bachofer, Germany). The volume of the homogenate was adjusted to
1000 µl using sterile PBS. To determine the BrdU incorporation of the cultured cells,
100 µl of the homogenate was transferred to a 96 well plate (Nunc, Denmark) and dried
at 80 °C for about 2 h. A BrdU proliferation ELISA  (Colorimetric, Roche, Germany) was
used to quantify cell proliferation. Briefly, the homogenate was fixed for 30 min onto the
surface of each well of the tissue culture plate with 200 µl of a fixative provided in the
kit (“FixDenat”). Incorporated BrdU was detected using a specific monoclonal mouse
antibody conjugated with peroxidase. Details of the procedure and the incubation with
the substrate solution (tetramethyl-benzidine) was carried out according to the
instructions of the producer. The peroxidase reaction was stopped by the addition of 25
µl 1 M sulfuric acid to each sample. Light absorption at 450nm (reference wavelength
690 nm) was measured within 5 min using a micro-plate reader (Rainbow, Tecan, UK).
In order to reliably quantify cell proliferation the DNA concentration was determined in
addition to the BrdU concentration in each sample. 10 µl of the sonicated cell
suspension of suspended and adherent cells, respectively, was transferred into a 96
well plate (Nunc). 90 µl TE buffer (200 mM Tris-hydroxy chloride, 20 mM EDTA, pH 7.5)
was added to the homogenate and 100 µl of PicoGreen dsDNA quantification reagent
(PicoGreen dsDNA Quantification kit, Molecular Probes, USA) diluted 1:200 was added
in TE buffer. The fluorescence of PicoGreen was determined with a microplate reader
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(1420 Victor, Wallac, Finland). The DNA concentration was quantified according to the
instructions of the producer on the basis of a calibration curve with 0, 10, 100, 400,
800, 1000 µg/ml DNA standard (100 µg/ml of phage lambda DNA in TE). Cell
proliferation is expressed as units BrdU/µg DNA.
Flow cytometry
The dynamics of cell proliferation was analysed by flow cytometry. Primary cells were
suspended in PBS at a concentration of 5x106 cell/ml. The cells were stained for 20
min with 20 µM (5(6) Carboxyfluorescein diacetate N-succinimidyl ester (CFSE; Fluka,
Germany) dissolved in PBS in the dark. The fluorescent staining is roughly halved
during each cell division so that successive cell generations can be identified and
analysed (Weston and Parish 1990). After 20 min the staining was stopped by addition
of PBS containing 20% foetal bovine serum (Biochrome, Germany). The cells were
then washed three times with cell culture medium and incubated for 24 h in the dark as
described above. Suspended and adherent cells were then separately adjusted to
2x106 cells/ml, fixed by incubation with 50% acetone -free methanol at 4°C for at least
30 min and centrifuged at 617 g for 20 min. The cell pellets were resuspended in order
to determine the ploidy of the cells and stained with 1 ml propidium iodide (PI) staining
solution (1 µg/ml PI, (Fluka); 0.1 % Triton X-100, 10 mM EDTA, (Sigma); dissolved in
PBS) and incubated for 30 min in the dark. The stained cells were resuspended and
filtered through a 50 µm mesh sieve to obtain single cells for the analysis by flow
cytometry (CyFlow, Partec, Germany). 5 x 104 cells per sample were analysed.
Forward scatter (FSC), side scatter (SSC), PI fluorescence and CFSE fluorescence
emitted from the cell were analysed using FloMax software (Partec, Germany).
The obtained cell populations that can be distinguished in two-dimensional plots are
illustrated in Fig. 5. On the basis of diminishing CFSE fluorescence with each cell
division, populations of dividing cells can be defined and quantified. Furthermore,
spermatids (with low CFSE content) that have developed from spermatocytes during
the in vitro culture can be identified and quantified. The quantitative analysis was
carried out with primary cells before and after 24 h culture and in parallel experiments
with the addition of 10 µg/ml genistein to the culture medium.
Statistics
Statistical significance between experimental groups and control was calculated by
non-parametric ANOVA (analysis of variance). When P-values of the ANOVA test were
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below 0.05, statistically significant difference. Each calculation performed using the
computer program INSTAT (GraphPad Software Inc., San Diego, CA).
Results
Primary testis cell culture
Dissociated cells of medaka testes (Fig. 1a) were cultured for several days in
Dulbecco´s modified Eagle´s medium and the changes monitored. During 24 h of
culture some of the cells attached to the surface of the culture dish (referred to as
adherent cells) with a tendency to aggregate. Other cells remained unattached
(referred to as suspended cells) and formed small lumps of cells. The primary cell
population consisted mostly of typical spherical germ line cells. Sertoli cells and
possibly other somatic cells were present in small numbers and mostly attached to the
surface of the culture dish as observed before in other fish species (Loir and Sourdaine
1994; Sakai 2002). Large germ line cells (spermatogonia and spermatocytes)
aggregated and were the dominant cells amongst the suspended cells. Within these
cell lumps we observed the formation of spermatids and spermatozoa (Fig. 1b).
Apparently a large fraction of the primary cells consisted of primary and secondary
spermatocytes (with a characteristic diameter of 8-12 µm) which completed meiosis
and underwent spermiogenesis. It has been reported that 24 h is a sufficiently long
incubation time to allow spermatozoa to differentiate in vitro (Saiki et al. 1997) but the
optimal experimental conditions for in vitro differentiation need to be defined in future
work. Quantification of the differentiation process has been achieved using flow
cytometry (see below).
To analyse the vitality of the cells in both cell populations, adherent and suspended
cells were stained with calcein-AM/EthD-1 (see Materials and Methods) so that vital
cells (green fluorescence) and cell with compromised cell membranes (red
fluorescence) could easily be distinguished. The vitality assay revealed that both
adherent cells and suspended cells were generally vital after 24 h of the culture.
However, typically a small fraction of spermatozoa showed red fluorescence. It seemed
likely that newly formed spermatozoa were vital but did not survive 24 h of incubation.
To test this explanation experimentally, spermatozoa were collected from mature testes
and cultured for 24h. These cells did not survive for long (in the order of a few hours)
and were consistently stained red after the 24h culture. The reduced vitality of
spermatids a d spermatozoa allowed us to conveniently identify spermatids and
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The effects of genistein on testicular cell proliferation
To demonstrate that the primary testis cell cultures can be used as a model system to
analyse cell proliferation and cell differentiation, the cells were incubated in culture
medium containing 1, 10, or 100 µg/ml of the isoflavone genistein for 24 h. The cells
were separated into suspended and adherent cells and the BrdU incorporation into the
DNA (units/µg DNA) was measured to calculate cell proliferation. Genistein significantly
inhibited cell proliferation in both adherent and suspended cells in a  concentration-
dependent manner (Fig. 4). The effect of genistein was quantified up to a concentration
of 100 µg/ml. Even at the highest concentration there was no evidence for significant
toxicity after 24 h as determined by staining with calcein-AM/EthD-1.
Quantification of cellular dynamics by flow cytometry
Using a different approach the effect of genistein has also been studied using flow
cytometry in combination with CFSE staining immediately after preparation of the
primary cultures. CFSE is a useful fluorescent marker molecule that can be used to
study the dynamics of cell division in successive cell generations (see Materials and
Methods). Primary cells were incubated for 24 h in the presence of 10 µg/ml genistein
and finally also stained with propidium iodide (PI) to get additional information on the
cell cycle distribution of the analysed cells and the ploidy, a parameter that is
particularly relevant for the analysis of meiotic germ cells. The haploid spermatids (1C)
can be clearly separated from diploid soma and germ cells (2C) and from cells that
have passed the S-phase and possess 4C DNA content, i.e. cycling spermatogonia in
G2/M and primary spermatocytes before the first meiotic division. The most prominent
cell populations in primary testis cells are schematically drawn in Fig 5 and the
experimental data presented in Fig. 6.
The diploid cells that continue cycling will loose CFSE fluorescence and, based on this
property, an area in two-dimensional plots (CFSE versus PI fluorescence) can be
defined which contains these newly formed cells (Figs. 5 and 6, box I). In the shaded
area (box I, 2C) secondary spermatocytes derived from CFSE labelled primary
spermatocytes and cycling spermatogonia are represented. The second shaded area
(box I, 4C) contains cycling spermatogonia at the G2/M phase of the cell cycle as well
as primary spermatogonia derived from cycling spermatogonia. All of these cells are
characterised by having completed at least one cell division in vitro but further
differentiation requires molecular markers which are not available at present. The
number of cells which appear in the defined field in the presence or absence of
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genistein gives quantitative information on the proliferative activity of diploid primary
cells and the inhibitory effect of the flavonoid. Table 1 (lane I) presents quantitative data
from a total of 4 experiments. The results confirm that mostly the suspended cells
proliferate actively and, furthermore, this activity is significantly inhibited by genistein at
the concentration of 10 µg/ml.
Both primary and secondary spermatocytes present could contribute to the formation of
spermatozoa which are identified in box II. These haploid cells with reduced CFSE
content must have completed at least one cell division in vitro. During the 24 h
incubation period meiosis can apparently be completed (see above, c.f. Saiki et al.
1997). Flow cytometry offers a convenient quantitative method to study this
differentiation process. The number of differentiating spermatocytes originating from
suspended cells was reduced by genistein (10 µg/ml) by a factor of 4 (Table 1, lane I).
Amongst the adherent cells the total cell number in the gated sector was too small to
give reliable quantitative data.
In the third gated area (labelled III) the number of cells with reduced DNA content was
quantified (less than haploid). The number of cells destined to die rose significantly in
genistein-treated cultures both amongst the suspended and the adherent cells (Table 1,
lane III). Using flow cytometry even a few percent of apoptotic cells in a cell population
can be detected and quantified. Apparently, most of the cells that were scored as
apoptotic still possessed intact cell membranes as judged by the exclusion of EthD-1
(see above). The possibility to quantify cell proliferation, cell differentiation and
apoptosis in a single experiment illustrates the power of the experimental approach in
the analysis of spermatogenesis by flow cytometry.
Discussion
Primary cultures offer a number of experimental advantages. The cells of interest can
be studied in vitro under the chosen experimental conditions and in many cases the
cells remain viable and retain their cell type specific properties at least for several days.
This also holds true for testis cells of the medaka which retain the property to
proliferate and to differentiate in culture (Saiki et al. 1997). Primary cell cultures consist
of a variety of cell types which, in principle, can be separated and studied in isolation.
The purpose of our study was, however, not to characterise the cell specific
interactions but to maintain cellular functions in vitro and to quantify proliferation and
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spermatocyte differentiation in order to develop assay systems for compounds that
might interfere with spermatogenesis.
Adherent and suspended cells from primary testis cultures possess properties which
are, at least in part, interchangeable since the respective cell populations are in an
dynamic equilibrium. Apparently, the surface properties of the cells may change in vitro
and the adhesiveness reflects specific developmental and/or cell cycle specific phases.
The testis primary cultures differ from the primary cultures of other organs like the liver
in that cell attachment is not diagnostic for the maintenance of cellular functions. To the
contrary, the suspended cells appear to reflect the in vivo situation much better with
respect to the cellular functions assayed in this study. A more detailed analysis of
cellular functions by means of molecular markers is an important task for the future. In
particular the association with Sertoli cells and the initiation of cell proliferation should
be addressed. In rat primary cells the association of Sertoli cells with spermatogenic
cells is thought to be important for survival and proliferation of the germ cells (Tres and
Kierszenbaum 1983).
Proliferation of suspended and adherent cell populations was studied by the
incorporation of BrdU during the S-phase of cycling cells and subsequent visualisation
using anti BrdU antibodies. The labelled cells had a relatively large diameter which is
characteristic of spermatogonia and newly formed primary spermatocytes. In keeping
with this finding is the observation that in BrdU-treated whole testis the labelled cells
are located in the periphery of the organ (unpublished observation). We obtained no
evidence that somatic cells contribute significantly to the BrdU incorporation quantified
in the described assays. In the mammalian testis spermatogonia and preleptotene
spermatocytes were shown to proliferate and can be labelled with BrdU or
[3H]thymidine both in vivo and in vitro (Tres and Kierszenbaum 1983; Weinbauer et al.
1998).
Different cell parameters like ploidy and cell size can be quantified easily by flow
cytometry. For this reason this technique has been used extensively in the study of
spermatogenesis (see for example Malkov et al. 1998; Blottner and Roelants 1998;
Dey et al. 2000). We used flow cytometry in combination with CFSE labelling (Parish
1999). With this compound cells can be fluorescently labelled without measurably
affecting viability. This technique allows the study of the dynamics of cell proliferation
based on the successive reduction of fluorescence intensity with each cell division. For
the purpose of this study the level of CFSE in primary cells allowed us to identify
cycling cells and, furthermore, to study cellular differentiation processes in vitro. The
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data on cell proliferation confirm and extend the results obtained by BrdU ELISA
discussed above.
The observation that spermatocytes complete meiosis and differentiate in vitro into
spermatids and spermatozoa allows the design of test systems to study the molecular
control of these differentiation processes and their possible disturbance by xenobiotics.
At present suitable molecular marker molecules are not available in the medaka.
However, flow cytometry in combination with CFSE labelling offers an attractive
alternative for the quantification of the differentiation process. Newly formed spermatids
or spermatozoa can be identified on the basis of their low CFSE content (Fig. 6, area
II). Due to the small size of the medaka testis the cell numbers in the gated areas are
low but the observed effects were reproducible.
We tested the experimental approach taken with the model substance genistein, which
has many interesting pharmacological properties. The isoflavone is best known for its
estrogenic activity but it also inhibits several enzymes like, for example, tyrosine kinase
(Akiyama et al. 1987). The effects on proliferation are cell type specific presumably
reflecting the different biological activities. Oestradiol-responsive cell lines like the
breast cancer cells MCF-7 are induced to proliferate (Wang and Kurzer 1997; Arai et al.
2000; Han et al. 2002) while in other human cell lines proliferation is inhibited
(Matsukawa et al. 1993; Cappellatti et al. 2000). The observed inhibitory effect on
spermatogonial proliferation is of interest considering that in the Japanese eel (Anguilla
japonica) 10 pg/ml 17β-oestradiol was found to stimulate spermatogonial divisions in
vitro (Miura et al. 1999).
To study the effects of genistein on cell proliferation and spermatocyte differentiation
we chose a concentration of 10 µg/ml genistein which in our cell culture system
showed only weak toxicity. At about this concentration a block in the G2M phase of the
cell cycle in various human cell lines has been observed (see for example Capellatti et
al 2000, Spinozzi et al. 1994). Genistein was reported to induce apoptosis in different
testis derived mouse cell lines at concentrations above 20 µg/ml after exposure for 48 h
(Kumi-Diaka et al. 1998). The plasma levels of genistein in humans are much lower
and even in the special case of infants fed with soy-based milk products (Setchell et al.
1997) the plasma levels are normally below 1µg/ml (average 2,53 µM ± 1,64; 7
infants). In vitro assays suggest that even at that low concentrations genistein can be
estrogenic and inhibit tyrosine kinases in certain cell types (Akiyama et al. 1987; Chang
and Geahlen 1992).
The obtained results pave the way for further studies concerning the mechanisms of
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spermatogenesis and the interference in cell proliferation and differentiation by
xenobiotics. Flow cytometry in combination with CFSE labelling provide powerful tools
for the analysis of complex mixture of cell types as is present in primary cells of the
testis.
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Figure legend
Fig. 1
Primary culture of testis cells viewed by phase contrast microscopy at the beginning of
the in vitro culture (a) and after 24 h of culture (b). Note that during the culture period
larger aggregates formed in which single spermatids developed some of which can be
seen due to their flagellum (arrowheads).
Fig. 2
Cellular dynamics of attachment and detachment of primary testis cells. After
incubation of primary cells for 24h adherent (A) and suspended cells (S). These
different cell populations were separated and cultured again for 24h. While some of the
suspended cells remained suspended (abbreviated S→S) others attached again to the
culture dish (S→A). Similarly, some of the cultured attached cells remained adherent
(A→A) while others became suspended (A→S). The cell number in the respective cell
populations was quantified by measuring the DNA content in each culture. The
distribution of cells (in %) between adherent and suspended cells is shown.
Fig. 3
Identification of proliferating testis cells in vitro. Testicular cells were cultured for 19 h
and then incubated for 5 h in medium containing 10 µM BrdU for 5 h. The cells were
then separated into adherent (a) and suspended cells (b) and stained using anti-BrdU
antibodies and an alkaline phosphatase based detection system. The relatively large
labelled cells represent in their majority spermatogonia and early (preleptotene)
primary spermatocytes
Fig. 4
Effect of genistein on cell proliferation in primary cultures of testis of medaka. Primary
testicular cells were incubated in culture medium containing 0, 1, 10 and 100 µg/ml
genistein (4´, 5, 7 –Trihydroxyisoflavone ). After 19 h BrdU (10 µM) was added to the
medium and incubated for a further 5 h. The incorporation of BrdU as indication of their
proliferative activity was determined for adherent and suspended cells separately. In
both cell populations proliferation was progressively inhibited by increasing
concentrations of genistein. Bars represent mean ± SD. n = 6, * p < 0.05
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Fig. 5
Illustration of the different cell populations of primary testis cells that can be
distinguished by flow cytometry after double labelling with carboxyfluorescein (CFSE,
FL1) and propidium iodide (PI, FL3). The intensity of CFSE labelling depends partly on
cell size and is roughly halved at each cell division. The PI staining is proportional to
the DNA content of each cell and hence reflects the ploidy. Abbreviations: SG
spermatogonia, SC(1°) primary spermatocytes, SC(2°) secondary spermatocytes, ST
spermatid, SZ spermatozoa. The marked fields labelled I - III are of particular interest.
Cells in field I are characterised by the reduced CFSE content and must have gone
through one or more divisions (arrows). The field II harbours spermatids or
spermatozoa (haploid) with low CFSE content. Such cells must have developed from
labelled spermatocytes (2C or 4C) that have divided at least once. The field labelled III
contains apoptotic cells derived from all cell populations and characterised only by their
low DNA content (hypohaploid).
Fig. 6
Double dimensional plot of flow cytometric data with primary medaka testis cells
labelled as illustrated in Fig. 5. The graph on top shows the primary cells labelled for 20
min in the dark before being cultured for 24 h in the presence of absence of 10 µg/ml
genistein. After this incubation period cells were separated into adherent and
suspended cells as illustrated in Fig. 2. Particularly strong differences were apparent
when the suspended cells treated with genistein were compared with the respective
controls (graphs on the right; black arrow: primary spermatocytes or spermatogonia,
white arrow: secondary spermatocytes or spermatogonia, gray arrow: spermatids from
primary spermatocytes). In genistein-treated cultures the cell number in the areas I and
II was strongly reduced compared to controls. For each cell sample 5 X 104 cells were
analysed. FL1 = CFSE fluorescence. FL3 = PI fluorescence.
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Abstract
Organ cultures and primary cell cultures of medaka (Oryzias latipes) testes were
compared with respect to cell viability and cell proliferation. The analysis by
fluorescence microscopy and flow cytometry shows that in both preparations the cells
remain viable for at least 1 day and cell proliferation can be analysed reliably by BrdU
incorporation. The proliferating cells are mostly spermatogonia located at the periphery
of the testis in tissue sections. Both culture systems were used to study the effect of
17-α-ethynyloestradiol on cell proliferation. The results obtained with organ and primary
cultures were consistent; small concentrations (0.01 and 1 nM) of the synthetic
oestrogen stimulated cell proliferation slightly, while higher concentrations (100 nM)
had an inhibitory effect. Both culture methods are suitable for the analysis of
substances that might interfere with germ cell proliferation or other functions in
spermatogenesis.
Key words: spermatogonia, spermatogenesis, 17-α-ethynyloestradiol, cell proliferation,
medaka (Oryzias latipes)
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Introduction
The sexual differentiation of the gonads and the process of gametogenesis are largely
under the control of steroid hormones (oestrogens and androgens) in all vertebrates
from fish to humans. Due to the vital importance of these hormones a strong research
focus has been placed in recent years on steroid metabolism and steroid receptor-
mediated control processes. The presence of xenobiotics in the environment and in our
food which act as “endocrine disruptors” and affect the endogenous endocrine control
processes has been of concern. Efforts have been made to identify the substances and
to study their mode of action (Akingbemi and Hardy 2001). Oestrogenic effects have
been reported in different animal populations in all major groups of vertebrates (Iguchi
2001; Lathers 2002).
Synthetic oestrogens like 17-α-ethynyloestradiol (EE2) are widely used as oral
contraceptives and in other medical indications. It is, therefore, not surprising that low
concentrations of this highly active oestrogen are present in the environment and can
be considered an important component in the cocktail of oestrogenic substances that
may affect the endocrine system of vertebrates. In numerous studies in several
European countries the concentration of EE2 and related steroids have been
determined in surface waters and, typically, a few ng of EE2 per liter water were
detected in rivers in the UK, Netherlands and Germany (Jurgens et al., 1999; Belfroid
et al., 1999; Stumpf et al., 1996). In sewage effluents the concentration tends to be
higher and in a particular river in Germany a peak concentration of 62 ng EE2/l was
recorded (median 17 ng EE2/l; Stumpf et al., 1996).
The effects of endocrine disrupters on fish have been studied intensively in recent
years. Oestrogenic effects can conveniently be monitored in males by measuring the
induction of vitellogenin in hepatocytes of several fish species including the medaka
(Seki et al., 2002; Kordes et al., 2002). Normally, the protein is female-specific and
becomes incorporated into the egg during vitellogenesis. However, if male fish are
exposed to oestrogenic substances vitellogenin becomes expressed. This response
has been exploited in a bio-test to quantify the oestrogenic activity of xenobiotics in the
water (Routledge et al., 1998; Jobling et al., 1998).
In rivers and sewage effluents EE2 is only one of several known oestrogenic
compounds and typically in a cocktail of endocrine disrupters every compound
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contributes to the measured biological reaction. For example, the following
concentrations of oestrogenic substances were determined in effluent water from a
Swedish sewage treatment works: 4.5 ng EE2/l, 5.8 ng oestrone (E1)/l, 1.1 ng 17β-
oestradiol (E2)/l, 840 ng 4-nonylphenol/l, 490 ng bisphenol A/l (Larsson et al. 1999).
This mixture of oestrogenic substances induced vitellogenin in male rainbow trout
(Oncorhynchus mykiss) kept in cages in this contaminated water. Under defined
conditions in the aquarium the same effect was observed when sheepshead minnow
(Cyprinodon variegatus) were exposed for 16 days to 20 ng EE2/l (Folmar et al., 2000).
The lowest observed effect concentration (LOEC) for vitellogenin induction was
determined in adult male zebrafish (Danio rerio) which were exposed to EE2 in a flow-
through systems for 8 days. Under these conditions 3 ng EE2 /l (9.8 pM) was found to
be sufficient to induce vitellogenin (Rose et al., 2002). In primary liver cell cultures of
male medaka vitellogenin synthesis could be induced by exposure to 1 nM EE2 (296
ng/l) for 6 days in culture (Kordes et al., 2002) but in these experiments the LOEC has
not been determined.
The consequences of oestrogenic effects on reproduction are more difficult to evaluate.
Jobling et al. (1998) reported that wild populations of roach (Rutilus rutilus) exposed to
sewage effluents containing various oestrogenic substances showed an increased
degree of intersexuality and this and following reports raised concern that oestrogenic
effects might lower fertility in exposed animals and humans alike (Toppari et al., 1996).
The genetically and cytological well-studied medaka (Oryzias latipes) proved to be a
useful model system to study the effect of endocrine disrupters on sex differentiation
and fertility. When juvenile fish were exposed to EE2 (100 ng/l) for 2 months genetic
males underwent complete sex reversal and fertile females developed (Scholz and
Gutzeit 2000). Similarly, sex reversal was observed in 25.5- 40 % of the animals
developing from medaka eggs which were microinjected with 0.5-2.5 ng EE2/egg
(Papoulias et al., 1999). When adult medakas were exposed to a minimum of 63.9 ng/l
(0.19 nM) EE2 for 3 weeks testis-ova developed (Seki et al., 2002), an intersex
phenotype that has been observed repeatedly before after exposure of adult male fish
to oestrogenic substances.
The molecular and cellular effects of endocrine disrupters on testis cells are best
studied under well-defined conditions in vitro. The aim of this study was to first
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establish suitable in vitro test systems and, secondly, to test these systems by studying
a relevant oestrogen-dependent process. The proliferation of spermatogonia is
obviously an important step in spermatogenesis and may, in part, determine the
number of spermatozoa produced. Some evidence has been presented before that
oestrogens may stimulate cell proliferation. In the Japanese eel (Anguilla japonica) 10
ng/l 17β-oestradiol was found to be sufficient to stimulate spermatogonial divisions
after in vitro culture for 15 days (Miura et al., 1999). The biological effect of the female
sex steroid in the testis is not surprising considering that E2 is present in the testis and,
furthermore, oestrogen receptor (ER) α and β are expressed in the testis of vertebrates
(reviewed by O`Donnell et al., 2001).
In this study we compared two different approaches to quantify cell proliferation of
testicular cells in vitro. Primary cultures were prepared and compared to organ cultures
with respect to the viability of cells and the suitability of the systems to assay for
biological functions in vitro. It was our aim to establish a suitable test system that could
be useful for the analysis of endocrine disrupters and other substances suspected to
interfere with vertebrate spermatogenesis. To this end EE2 was chosen as a model
compound to study the effect on spermatogonial proliferation. Suitable methods to
quantify cell proliferation are available (e.g. Thoolen 1990; Schlatt et al., 1999; Sakai
2002) and the biological effect of this synthetic oestrogen addresses an interesting
biological and environmental problem.
Materials and Methods
Organ cultures
The d-rR strain of the medaka (Oryzias latipes) which is characterised by red coloration
of the tail fin in males was used in all experiments thus allowing to distinguish both
sexes easily (Yamamoto 1975). About 50 animals were kept in 60-80 L aquaria in
charcoal- filtered dechlorinated local tap water (pH 8.1, conductivity 277 µS/cm,
permanent hardness i. e. divalent ions 1.21 mM) under constant light-dark cycles of
16/8 h and a temperature of 27 ± 0.5 °C as described in detail before (Scholz and
Gutzeit 2000). For the experiments only males were used which were about four
months old and had a body length of 3 ± 0.2 cm. Male animals were killed with a
saturated solution of benzocain (>0.04 % (w/v) ethyl-4-aminobenzoate; Aldrich,
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Germany) and surface disinfected with 70 % ethanol. The following procedures were
carried out under sterile conditions. The testes were dissected and placed in 5 ml
phosphate-buffered saline (PBS) in a petri-dish. The testis was cut in half with two
tungsten-needles so that one half could be used as control and the other half as
experimental sample. The fragments were rinsed three times with PBS and placed in a
4 well-plate (Nunc, Denmark) in 1 ml L-15 Leibovitz medium with L-glutamin (Biochrom,
Germany) supplemented with 100 IU/ml penicillin, 100 µg/ml streptomycin (Gibco BRL,
Germany) and 10 % fetal calf serum (FCS, Biochrom) or, alternatively, with 2 % (v/v)
steroid free Ultroser SF (Biosepra, France). The testes fragments were incubated at 25
°C in saturated humidified atmosphere for 17 h.
Primary cultures
The dissected testes were placed in a sterile sieve (pore size 100 µm), washed three
times with sterile PBS, and incubated with 0.05 % (w/v) collagenase H (Roche
Diagnostics, Germany) in PBS for 15 min. After enzymatic dissociation the tissue was
pressed with the blunt end of a sterile syringe through the sieve. The cell suspension
was filtered again through a second sieve (pore size 50 µm), centrifuged in a 15ml
Falcon tube at 100 g for 5 min at 25°C, and the pellet was re-suspended in Dulbecco´s
modified Eagle´s medium (mixture F12 according to Flouriot et al. 1993). The medium
was supplemented with 100 IU/ml penicillin, 100 µg/ml streptomycine (Gibco BRL,
Germany) and 2 % (v/v) steroid-free Ultroser SF (Biosepra, France). The cells were
counted using a haemocytometer (Neubauer, Germany) and seeded at a density of
2x106 cells/ml into a 24 well plate (Primaria, Falcon, USA). The cells were incubated in
the cell culture medium for 24 h at 25°C in humidified atmosphere with 5 % carbon
dioxide. During this period some primary cells attached to the culture dish (referred to
as adherent cells) while other cells formed aggregates which floated in the medium
(suspended cells). These different cell populations were analysed separately. The
suspended cells were collected by removing the medium, while the adherent cells were
detached from the culture plate by incubating for 10 min with 0.025 % trypsin and 0.01
% (w/v) ethylenediaminetetraacetic acid (EDTA, Biochrom AG, Germany) in PBS.
Cell viability
The cell viability was studied using the two fluorescent compounds Calcein AM and
ethidium homodimer-1 (LIVE/DEAD Viability/Cytotoxicity kit for animal cells, Molecular
Probes, USA) dissolved in PBS at a concentration of 4 µM and 2 µM, respectively. After
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incubating the testis fragments for 17 h in cell culture medium they were washed three
times with sterile PBS and stained for 60 min with both compounds in the dark. With
respect to primary cultures the cells were stained after the 24 h incubation period with
the indicator dyes for 30 min in the dark. The viable green fluorescing cells and the red
fluorescing cells with compromised cell membranes were identified using a confocal
laser scan microscope (LSM 510, Zeiss, Germany).
Flow cytometry
Primary cells were cultured as described before and after 1 day (in some cases after 2
or more days) 2x106 cells were fixed with acetone - free methanol (50%) at 4°C for at
least 30 min and centrifuged at 600 g for 20 min. The cell pellets were re-suspended in
order to determine the ploidy of the cells and stained for 30 min in the dark with 1 ml
propidium iodide (PI) staining solution containing 1 µg/ml PI (Fluka), 0.1 % Triton X-
100, and 10 mM EDTA (Sigma) in PBS. The stained cells were re-suspended and
filtered through a 50 µm mesh sieve to obtain single cells for the analysis by flow
cytometry (CyFlow, Partec, Germany). At least 5 x 104 cells per sample were analysed.
Forward scatter (FSC), side scatter (SSC) and PI fluorescence emitted from the cells
were analysed. The percentage of haploid cells and of diploid cells in the G0/G1, S or
G2/M phase of the cell cycle was calculated using FloMax software (Partec, Germany).
Identification and quantification of proliferating cells by BrdU incorporation
For the identification of proliferating cells that had passed through an S-phase we used
the 5–Bromo-2`-deoxy-uridine (BrdU) labelling technique. 5 h before the end of the
incubation, i.e. after 12 h for the organ culture and 19 h for the primary culture BrdU
(Sigma, Germany) was added to the culture medium (final concentration 10µM). The
labelled testes fragments were analysed histologically. The samples were fixed for up
to four days at 4 °C in neutral buffered formalin (75 mM phosphate buffer in 3.7 %
formaldehyde, pH 7.0) and embedded in paraffin using standard procedures. Sections
(5 µm) were cut using a 2056 semi-cut microtome (Leica, Germany) and placed on
microscopic slides pre-coated with 3-(tri-ethoxysilyl)-propylamin (Sigma).
The sections were briefly immersed in xylol to remove the paraffin, passed through a
graded series of ethanol and finally washed with PBS. Proliferating cells which had
incorporated BrdU were identified using specific antibodies (5-Bromo-2`-deoxy-uridine
Labelling and Detection kit II, Roche, Germany). The detection system contained anti-
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mouse-lg-alkaline phosphatase, and the presence of the antigen was visualised by the
addition of nitro-blue-tetrazolium-solution according to the instructions of the
manufacturer. The sections were analysed using a light microscope (Axiovert 135,
Zeiss, Germany) equipped with a digital camera (Spot, Diagnostic Instruments Inc.,
USA ). Photographs were edited with Meta View software (Universal Imaging
Corporation, USA).
For the identification of proliferating cells of the primary culture, suspended and
adherent cells were collected separately as described above, washed twice with PBS
and pipetted onto round glass coverslips which were placed in a 24 well plate (Nunc,
Denmark). The culture plates were then centrifuged with a swing-out rotor at 180 g for
5 min (Universal 30 RF, Hettich, Germany) so that the cells adhered to the glass
surface. The cells were fixed with 70 % ethanol in 50 mM glycine buffer (pH 2.0) for 20
min at –20°C and then washed three times with PBS. For identification of BrdU labelled
cells the same detection system was used as described for the paraffin sections. The
cell preparations were mounted with aquatex (Merck, Germany) and analysed by light
microscopy (see above).
The quantification of BrdU incorporation in organ and primary cultures was carried out
in parallel experiments. The cultured testis fragments were washed three times with
sterile PBS, placed in 500 µl of 0.1 M citric acid containing 0.5 % Tween 20 and
incubated for 40 min at room temperature on a shaker to dissociate the tissue. The cell
clumps were re-suspended in 500 µl sterile PBS. The following steps were identical for
dissociated testis fragments and for primary cultures (adherent and dissociated cells).
The samples were placed in 1.5 ml eppendorf tubes, vortexed and centrifuged for 10
min at 180 g at 4 °C. The pellets were re-suspended in 200 µl sterile PBS and
sonicated for a few seconds (Power MS 72/D, Bachofer, Germany). The volume of the
homogenate was adjusted to 1000 µl using sterile PBS. To determine the BrdU
incorporation in the samples 100 µl of the cell homogenate was transferred to a 96 well
plate (Nunc, Denmark) and dried onto the surface at 80 °C for about 2 h. The BrdU
proliferation ELISA  (Colorimetric, Roche, Germany) was used to quantify the amount
of incorporated BrdU. Briefly, the homogenate was fixed for 30 min onto the surface of
each well of the tissue culture plate with 200 µl of a fixative provided in the kit
(“FixDenat”). The FixDenat solution was removed and peroxidase-conjugated
monoclonal anti-BrdU antibodies (Fab fragments) were added and the samples
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incubated for 90 min. The cells were washed three times with PBS for 15 min and,
finally, substrate solution (tetramethyl-benzidine) was added and the reaction
terminated after 20 min by adding 25 µl 1 M sulfuric acid to each well. Light absorption
at 450 nm (reference wavelength 690 nm) was measured within 5 min using a micro-
plate reader (Rainbow, Tecan, UK) using the Easy Fit software (Version 7.01).
In order to reliably compare and quantify cell proliferation in control and experimental
samples the DNA concentration was determined in addition to the BrdU concentration.
The samples (primary cells or testis fragments) were sonicated and 10 µl of the
homogenate analysed for the DNA content in 96 well plates (Nunc, Denmark). 90 µl TE
buffer (200 mM Tris-hydroxy chloride, 20 mM EDTA, pH 7.5) was added to the
homogenate and 100 µl of PicoGreen (PicoGreen dsDNA Quantification kit, Molecular
Probes, USA) diluted 1:200 was added in TE buffer. The fluorescence of PicoGreen
was determined in a microplate reader (1420 Victor, Wallac, Finland) using 535 nm
emission and 485 nm excitation wavelengths. The DNA concentration was quantified
on the basis of a calibration curve with 0, 10, 100, 400, 800, 1000 µg/ml DNA standard
(from a stock of 100 mg/ml of phage lambda DNA in TE) from the PicoGreen Kit. Cell
proliferation is expressed as units BrdU/µg DNA.
Exposure to 17-α-ethynyloestradiol
To investigate the effects of EE2 (Merck, Germany) on cell proliferation, the substance
was added at concentrations of 0.01, 1 and 100 nM to the culture medium. The
compound was present during the entire culture period and finally the effect on cell
proliferation with reference to untreated controls was quantified by BrdU ELISA as
described above.
Statistics
Statistical significance between experimental groups and control was calculated by
non-parametric ANOVA (analysis of variance). The calculation was performed using
the computer program INSTAT (GraphPad Software Inc., San Diego, CA).
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Results
Vitality of cells in organ and primary culture of the testis
Organ cultures and primary cultures of the medaka testis were analysed in parallel to
allow direct comparison of both systems (Fig. 1a,b). Since the vitality of the testis cells
during the culture period is an essential precondition for functional studies we first
tested the integrity of the cell membranes using the fluorescent indicator molecules
calcein AM and ethidium homodimer-1. Calcein AM is a fluorogenic substrate for
cellular esterase that becomes hydrolysed to yield a green-fluorescent product. Green
fluorescing cells have esterase activity as well as an intact membrane to retain the
esterase product and are by these criteria considered to be vital. Ethidium homodimer-
1 is a high-affinity, red-fluorescent nucleic acid stain that is only able to pass through
leaky membranes of dead cells which, as a result, show bright red fluorescence.
The testis was cut in half (Fig. 1a) and cultured in the medium for 17 h and the cells
assayed for vitality using the two fluorochromes. Due to the thickness of the testis
fragments only the peripheral layer with spermatogonia and some spermatogenic cysts
could be analysed reliably. These cells consistently stained green thus indicating their
vitality. However, when the fragments were gently squashed some small red
fluorescing cells from deeper regions of the testis (presumably round spermatids) were
detected (Fig. 2a). Some viable motile spermatozoa were also noticed (Fig. 2b).
With respect to the primary cell cultures adherent cells and suspended cells were
analysed separately (Fig.1b). The vitality assay revealed that both adherent cells (Fig.
2c) and suspended cells (Fig. 2d) were vital after 24 h of culture with the exception of
almost half of all spermatozoa. In particular, single mature spermatozoa mostly stained
red while spermatids within lumps of aggregated cells were usually vital. The
differentiation process of spermiogenesis can apparently proceed in vitro but mature
released spermatozoa do not survive for long under our culture conditions. In an
attempt to clarify this point we isolated mature spermatozoa and cultured them for 24 h.
The cells did not survive for longer than a few hours and after 24 h all isolated
spermatozoa consistently stained red. Based on these observations it seems likely that
the observed viable spermatozoa in the in vitro cultures derived from newly formed
spermatozoa during the in vitro culture period. The vitality test was also carried out in
primary cultures exposed to EE2 for 24h. None of the concentrations tested (0.1, 1, 100
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nM) gave any indication for toxicity within the 24h culture period.
Cellular parameters determined by flow cytometry
The primary cultures were analysed by flow cytometry before the in vitro culture period
and after 1 (or more) days of culture by PI staining. Fig. 3a illustrates the DNA profile
obtained after 1 day of culture. Haploid spermatids and spermatozoa comprised about
37% of all cells and this fraction was nearly constant in 6 different experiments.
Amongst the diploid cells (2C and 4C DNA content) the percentage of cells with 4C
was unusually high (37%) reflecting not only the presence of spermatogonia in G2/M
phase but also (and predominantly) the presence of primary spermatocytes. 14% of the
diploid cells were in the S-phase thus reflecting a considerable proliferative activity.
After 1 day culture the fraction of apoptotic cells was negligible (Fig. 3a). However, after
2 days of culture (or longer) the number of cells with reduced DNA content, an
indication of initiated apoptosis, increased dramatically. In 2-dimensional plots with the
parameters side-scattering and PI fluorescence the haploid and diploid cell populations
can be discriminated (Fig. 3b) and, moreover, the source of the apoptotic cells
becomes apparent. The mature spermatozoa and spermatids can be clearly separated
due to their different size. The population of apoptotic cells comes almost exclusively
from the spermatozoa. This result confirms our observation that spermatozoa are not
viable in vitro for long and their membranes become compromised within a few hours
(see above).
Cell proliferation analysed by BrdU incorporation
The fraction of proliferating cells was further characterised and quantified by studying
the BrdU incorporation both in organ cultures and in primary cultures (Fig.1a,b). BrdU
becomes incorporated into the DNA as a thymidine analogue during S-phase of the cell
cycle and cells that pass through S-phase during the labelling period can be detected
using specific antibodies against BrdU. The cultured testis fragments were embedded
in paraffin and histological sections were prepared. Labelled cells were detected at the
periphery of the testis (Fig. 4a) where spermatogonia and primary spermatocytes are
located.
For the quantification of cell proliferation the amount of incorporated of BrdU was
determined by means of an ELISA. With respect to the organ culture we first tested if a
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possible gradient in antero-posterior direction (or vice versa) would thwart our
experimental strategy to use one half of the testis as control. The proliferative activity in
anterior and posterior halves of single testis were determined by quantifying BrdU
incorporation and determining the DNA content of each fragment. The ratio of BrdU
incorporation per µg DNA was calculated and the ratio between the obtained values for
both fragments of a single testis calculated (total of 12 single testes analysed).
Averaging between all determination the ratio was 1.02 ± 0.15 thus showing a
remarkable uniformity in the proliferation of anterior and posterior fragments. Since
there is no evidence of any developmental gradient in antero-posterior direction the
determination of the DNA content is essentially a measure of the fragment size. The
advantage of this approach is that by comparing testis fragments of one animal the
substantial physiological variation between animals is avoided so that significant results
can be obtained with fewer experimental animals.
Since FCS contains small amounts of natural steroids, the analysis of oestrogenic
compounds is unsatisfactory in this medium. For this reason we also used the steroid-
free FCS substitute  Ultroser SF for comparison. When 10 % FCS was replaced by 2 %
Ultroser SF no significant change in the proliferative activity was noticed. Hence in the
following experiments only Ultroser SF was used.
In primary testis cell cultures, proliferating cells were detected both amongst the
adherent and, more frequently, amongst the suspended cells. The labelled cells in both
preparations had a diameter of 7-9 µm (Fig. 4c) indicating that these cells are
spermatogonia. The histological analysis corroborates this conclusion since the
labelled cells were located exclusively in peripheral positions of the testis (see above).
Possibly some of these labelled cells may have reached the spermatocyte stage at the
end of the incubation period. The percentage of labelled cells after 24h culture was
determined to be 19% and was hence in the same order of magnitude as the
percentage of cells in the S-phase as quantified by flow cytometry (14%).
Effects of 17-α-ethynyloestradiol on cell proliferation
To investigate the effect of EE2 on cell proliferation in organ and primary cultures 0.01,
1 and 100 nM EE2 was added to the culture medium and the BrdU incorporation in the
respective samples analysed as described before. Since the ratio of haploid to diploid
cells in the primary cultures at the end of the incubation period was nearly constant in
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different experiments (Fig. 3a) the DNA content was determined and used as reference
to assess the fraction of proliferating cells by BrdU incorporation. At low EE2
concentrations (0.01 and 1 nM) cell proliferation increased slightly in both organ
cultures and suspended cells of primary cultures (Fig. 5). Adherent cells contain very
few proliferating cells and hence it is not surprising that no effect of EE2 was observed
for these cells. At the highest EE2 concentration tested (100 nM) cell proliferation was
significantly inhibited in both preparations (Fig. 5). This effect was not due to cell
toxicity since based on the test with the two fluorescent indicator compounds Calcein
AM and EthD-1 (see above) the preparations remained vital at least for the incubation
period. The described results were obtained irrespective of the presence of FCS or
Ultroser SF in the culture medium (Fig. 5a).
Discussion
Organ cultures are attractive experimental systems since the cellular interactions, their
polarity and the topology is largely maintained and cellular stress induced by cell
isolation procedures is avoided. Unfortunately, there are severe experimental
limitations. In particular the lack of a functional circulation system cannot normally be
substituted by diffusion processes. Short of complicated perfusion systems the cultured
organs must be either extremely small or only fragments of organs can be cultured in
vitro. The latter approach was taken by Janssens and Grigg (1994) who cultured liver
fragments (cubes of about 2mm3) from gold fish (Carassius auratus), carp (Cyprinus
carpio), and red-fin perch (Perca fluviatilis) in medium on a slowly rotating roller
apparatus. Similarly, single follicles of rainbow trout can be cultured successfully in vitro
(Nagler et al., 1994).
The small size of the medaka testes (about 1.8 mm long and 0.8 mm in diameter)
allows to culture the entire organ in vitro for a limited period of time. For example,
Hamaguchi (1993) cultured medaka testis in vitro for up to 48 h and studied
ultrastructural changes in spermatogonia. Cutting the isolated testis into two fragments
of roughly equal size had two important advantages: Firstly, the access of medium to
the spermatogenic cysts in the centre of the organs is facilitated and secondly, an ideal
control preparation is available since the commonly observed large individual
physiological differences are avoided. The different size of the fragments was
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accounted for by determining the DNA content of each fragment. The validity of our
approach has been shown by comparing cell proliferation in both fragments (controls)
which turned out to be identical.
Primary cultures have the advantage that they can be maintained for many days or
even weeks and hence may serve as a long term in vitro test system. The isolated
testis cells aggregated within 24 h and separated into cell populations that attached to
the culture dish or grew in suspension. The characterisation of these two populations
has been subject to a different study in which we showed that most of the proliferating
cells are present in the suspended cells (Song and Gutzeit 2003). We do not know if a
specific interaction between Sertoli cells and spermatogonia is required for
proliferation. In primary cultures of the rat testis spermatogonia and spermatocytes
attached to Sertoli cells after 6-18 h of culture and within 24 h spermatogonia and
leptotene spermatocytes had passed through an S-phase of the cell cycle (Tres and
Kierszenbaum 1983).
Several authors have studied cell proliferation in the testis of vertebrates and there
seems to be general agreement that spermatogonia are by far the most rapidly
proliferating cells as shown for the mammalian testis after BrdU-labelling both in vivo
(Rosiepen et al., 1994; Thoolen 1990; Van de Kant et al., 1988) and in vitro (Staub et
al., 2000). The size of the BrdU–labelled medaka cells in primary cultures and the
peripheral location of the labelled cells in tissue sections leave no doubt that in our
experimental system spermatogonia and possibly also some preleptotene
spermatocytes were labelled (Shibata and Hamaguchi 1986; Hamaguchi 1987). We did
not attempt long-term incubations in this study but it seems possible that the
progressive differentiation of spermatogenic cells in vitro (Song and Gutzeit 2003; Saiki
et al.,1997) might result in labelled meiotic spermatocytes or even spermatozoa. In
fact, when spermatogenic cells of the rat were labelled with BrdU and cultured in vitro
for one week labelled spermatids were observed (Staub et al., 2000).
Since the 1930s, oestrogens are known to be synthesised in males (Zondek 1934), but
with respect to male reproduction this finding has been largely ignored for a long time
because oestrogens were considered to be exclusively female hormones with no role
in spermatogenesis (reviewed by O`Donnell et al., 2001). However, it has become quite
clear now that E2 is an essential hormone in male reproduction (Hess et al., 1997;
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2001; Sharpe, 1998). The presence of both α- and β- oestrogen receptor (ER) was
reported in several cell types of the testis including both somatic and germ cells (see,
for example, Nie et al., 2002; reviewed by Hess, 2001). The importance of E2 is also
reflected by the presence of aromatase in germ cells of the mouse testis (Nitta et
al.,1993; Janulis et al., 1998; Carreau and Lavallet 1997), an enzyme that catalyses the
conversion of androgens to oestrogens.
In lower vertebrates the hormonal control appears to be similar to mammals although
differences in detail are apparent. The predominant androgen is 11-ketotestosterone
which seems to be essential for spermatogenesis (Nagahama et al., 1994). E2 appears
to be required for mitotic proliferation of germ cells in the Japanese Huchen (Hucho
perryi) (Amer et al., 2001) and in the Japanese eel (Anguilla japonica). Furthermore,
spermatogonial divisions were stimulated when testis organ cultures were exposed for
15 days to 10, 100 and 1000 ng/l of E2 (Miura et al, 1999). In rat gonocytes (or pre-
spermatogonial cells) a stimulating effect of oestrogen on gonocyte proliferation was
reported (Li et at al., 1997). The stimulation of E2 on spermatogonial proliferation
appears to be universal in vertebrates since not only mammals and fish but also
amphibia (Minucci et al., 1997) and reptiles (Chieffi et al., 2002) show this effect.
EE2 is a synthetic oestrogen with high oestrogenic potency. In our test system the
stimulatory effects on spermatogonial proliferation were small but consistent with other
experimental systems that were studied by other authors (see above). We found that
small concentrations of EE2 are more effective than higher concentrations and the
highest concentration tested (100 nM) was even inhibitory in our system. A similar
observation was made by Miura et al. (1999) who studied the effect of E2 on the
spermatogonial proliferation of the Japanese eel. These authors found strong
stimulation at a concentration of 10 ng E2/l but with higher concentrations (100 and
1000 ng E2/l) the stimulatory effect was attenuated.
Our results demonstrate that the both organ and primary culture systems are suitable
to study effects of xenobiotics on spermatogonial proliferation. In addition, the model
system may help to unravel molecular developmental mechanisms during
spermatogenesis.
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Figure legends
Fig. 1 (a) The isolated medaka testis was cut in half and one fragment used as control
while the other served as experimental sample and was exposed to the test substance.
After incubating the fragments for 17 h the samples were analysed with respect to cell
vitality and cell proliferation. (b) Primary cultures of testis cells were prepared and the
cells cultured for 24 h. While some cells attached to the culture dish (adherent cells)
other floated in aggregates in the medium (suspended cells). These two cell
populations were analysed separately with respect to vitality and cell proliferation.
Fig.2 The vitality of the in vitro cultures were tested with the fluorescent indicator dyes
calcein-AM and EthD-1. Green fluorescence indicates vital cells while red fluorescent
cells possess compromised cell membranes. (a) In a testis fragment cultured for 17 h
in vitro the peripherally located cells and spermatogenic cysts stain green while some
small and more centrally located cells (spermatids) are apparently not vital and stain
red. (b) Some viable green fluorescing motile spermatozoa were observed. (c)
Adherent cells of primary cells cultured for 24 h were almost all viable and this was also
observed for suspended cells (d).
Fig. 3 Analysis of primary cultures by flow cytometry. (a) DNA profile after 1 day of
culture in vitro. The fraction of diploid (63±3%, mean ± SD) to haploid cells (37±3%)
remained nearly constant in 6 independent experiments. The percentage of diploid
cells in the respective phases of the cell cycle is indicated. (b) Primary cultures
maintained for 2 day in vitro and analysed in two-dimensional plot (forward scatter
versus DNA content). In this way the cell populations with different DNA content can be
clearly distinguished (1C, 2C, 4C; DNA values in arbitrary units) and, moreover, based
on the different size two populations of haploid cells can be distinguished (ST
spermatid, SZ spermatozoa). Note that only spermatozoa give rise to degenerating
(apoptotic) cells with reduced DNA content thus corroborating other data (see text) that
spermatozoa are not viable for extended culture periods in vitro.
Fig. 4 (a) Cytological identification of proliferating cells in a paraffin section of a
medaka testis. A testis fragment (see Fig. 1a) was incubated for 12 h in medium
followed by a 5 h incubation in 10 µM BrdU. Proliferating BrdU positive cells were
identified with specific anti-BrdU antibodies and alkaline-phosphatase as detection
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system. The location of the labelled cells is characteristic for spermatogonia and
primary spermatocytes. The inset labelled in (a) is enlarged in (b). (c) Detection of
proliferating cells in primary cultured using the same technique. The dissociated testis
cells were incubated for 19 h prior to labelling for 5 h with 10 µM BrdU. The labelled
cells have a diameter of about 7-9 µm, which is characteristic for spermatogonia and
primary spermatocytes.
Fig. 5 Effect of different EE2 concentrations on cell proliferation in cultured testis
fragments and suspended cells in primary testis cell cultures.
(a) Before the culture, every testis was cut halves into two fragments. One half was
used as a control, and the other half was treated with 0.01, 1 and 100 nM EE2. Each
fragment was incubated for 17 h in vitro and 10 µM BrdU medium was added for the
last 5 h of the culture. After the incubation, the BrdU incorporation/µg DNA was
determined. n = 6, ✲  : p < 0.05
(b) Effect of EE2 on cell proliferation in suspended cells obtained from primary culture
of medaka testis. Testis cells were incubated for 24 h in medium with 0.01, 1 and 100
nM EE2 for 19 h and an additional 5h in the presence of 10 µM BrdU medium was
added for 5 h incubation. The BrdU incorporation /µg DNA was determined as in (a). n
= 6, ✲  : p < 0.05.
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